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ABSTRACT 
 
Forensic anthropologists increasingly use chemical isotope analysis in the investigation of 
unidentified human remains, as biochemical georeferencing continually improves with the 
development of modern reference data of known origins. Isotope variations in trace elements such 
as strontium (Sr) and lead (Pb) in human teeth are some of the most useful indicators of past 
domicile in archaeological research and thus have high potential for modern, forensic applications. 
In this study, high-precision lead isotope analysis was conducted on 63 modern human teeth, which 
were previously analyzed for strontium isotopes. The results present new lead isotope data for the 
following countries: United States (n=34), Colombia (n=9), Haiti (n=5), Cape Verde (n=3), 
Morocco (n=2), El Salvador (n=2), Guatemala (n=2), Honduras (n=2), Jamaica (n=1), Dominican 
Republic (n=1), Albania (n=1), and United Kingdom (n=1). In addition, the lead and strontium 
isotope data of 23 modern human teeth from individuals born in Holland, eight teeth from 
individuals born in Bulgaria, and 26 teeth from individuals born in the U.S. are extracted from the 
literature to supplement the data analysis. Exploratory data analysis, nonparametric Kruskal-
Wallis tests, and one-way analysis of variance (Scheffe post hoc) are conducted using IBM SPSS® 
Statistics 24 to test for regional variation.  Several trends are observed in the lead isotope data that 
may be relevant to modern forensic contexts involving unidentified human remains: Individuals 
from the northeast U.S. have relatively distinct 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb ratios when 
compared to individuals from the rest of the U.S. European and American individuals can be easily 
distinguished from each other using 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb ratios. Central 
viii 
 
American individuals have significantly lower 87Sr/86Sr ratios than North American individuals, 
and these groups can be easily distinguished using lead versus strontium scatterplots. Colombian 
individuals have significantly lower 87Sr/86Sr ratios than North American individuals, and these 
groups can be easily distinguished using lead versus strontium scatterplots. Caribbean individuals 
have significantly lower 87Sr/86Sr isotope ratios than individuals from the northeast U.S., and these 
groups can be easily distinguished using lead versus strontium scatterplots.   
 
1 
 
 
 
 
 
 
CHAPTER ONE: INTRODUCTION 
 
The challenges investigators face solving missing and unidentified persons cases are 
inextricably linked and growing. In October 2017, there were 13,627 active cases in the NamUs 
Missing Persons database and 11,639 active cases in the NamUs Unidentified Persons database. 
Due to underreporting by law enforcement and medical examiner offices to NamUs.org (which is 
voluntary), these numbers represent the lower threshold of missing and unidentified persons cases 
across the United States. Calling this the nation’s “Silent Mass Disaster,” researchers fear that at 
any given time there are an estimated 85,000 active missing persons and well over 40,000 
unidentified persons nationwide (NamUs 2017; Ritter 2007). The high incidence of unidentified 
(UP) and missing persons (MP) demands that attention be given to the problem of solvability. 
Frequently, the solutions lie in the application of emerging tools and technologies to long term 
cases that aid human identification (Kimmerle 2014). 
Paulozzi and co-authors (2008) describe the problem of unidentified remains in the United 
States through an analysis of nearly 11,000 unidentified decedent records dating 1979 to 2004: 
• UP death rates were higher among males and black/African American individuals; 
• Homicide accounted for more than 25 percent of all deaths; 
• 26.5 percent of all injury deaths were among men; 
• 55.9 percent of all injury deaths were among women; 
• UP death rates were higher in states with major metropolitan areas and in the 
southwest region of the U.S.  
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Paulozzi and co-authors (2008) argue that the distribution and geographic variation of 
unidentified persons are associated with trends in homelessness, sex work or human trafficking, 
and irregular border migration. These types of structural issues result in transient populations who 
may go missing in areas far from families and friends who know where they were last seen, and 
as a result, their cases tend to fall through the cracks of the justice system that relies on known 
jurisdictions.  
Improvements in DNA testing, fingerprint analyses, and the increased involvement of 
forensic anthropologists and odontologists in the identification process led to a decline in national 
UP death rates after 1989 (Paulozzi et al. 2008). However, approximately 4,400 unidentified 
human remains are discovered every year and at least 1,000 of those cases will remain unsolved 
after one year, increasing the number of cold cases nationally (Hickman et al. 2007). The steady 
increase in unidentified remains across the U.S. is linked to the decline in national clearance rates 
for crime. From 1980 to 2008, the national clearance rate for homicide fell from 72 percent to 64 
percent (Cooper and Smith 2011). Low clearance rates have been attributed to several challenges 
faced by law enforcement, such as the lack of resources, poor management and investigative 
policies, police devaluation by communities, and increase in crime rates (Walton 2006; Mancik et 
al. 2018). Low clearance rates have also been attributed to structural issues differentially affecting 
more marginalized communities, such as poverty, discrimination, race and gender disparities in 
media coverage, and victim devaluation by police (DeCarlo 2015; Keel et al. 2009; Sommers 
2016).  
In addition to these issues, investigators face significant challenges when decedents are 
discovered without any form of identification, especially when there are no missing persons reports 
or family in the local area to help with identification. This is the primary concern regarding 
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decedents who are contextually identified as undocumented workers, transients, runaways, and 
homeless (Kimmerle et al. 2009). Similar investigative concerns are raised with irregular border 
migration and the thousands of migrant deaths at the U.S.-Mexico border and other border states 
(Anderson 2008; Fleischman et al. 2017; Reineke and Martínez 2014; Spradley 2014; Tise et al. 
2014). Law enforcement are also faced with high population mobility in the U.S. due to tourism, 
urban migration, or immigration, which contributes to residential instability, disrupts community 
and citizen-police relations, and creates practical difficulties, such as the inability to locate 
witnesses and family (Ousey and Lee 2010; Walton 2006). Ihrke and Faber (2012) estimate from 
the U.S. Census Bureau’s 2010 Current Population Survey that 100.2 million people over the age 
of five moved between 2005 and 2010 and that 20 percent of them relocated from a different state 
or abroad. Moving rates were higher among individuals in their mid to late twenties, unemployed 
individuals, and Hispanic or Black/African American individuals (Ihrke and Faber 2012). 
Additionally, Walters and Cortés (2010) estimate from the U.S. Census Bureau’s 2009 American 
Community Survey that 38.5 million foreign-born individuals were living in the U.S. in 2009, 
representing nearly 13 percent of the total population. With so many transient populations and 
individuals migrating between regions in the U.S., the issue of mobility is critical for resolving 
cases and one area in which forensic anthropology has emerging tools that can be applied to open 
cases.  
One such tool for identification adapted from geochemistry and archaeology, chemical 
isotope analysis, has been increasingly applied by forensic anthropologists to death investigations 
(Bartelink et al. 2014; Kamenov et al. 2014; Meier-Augenstein and Fraser 2008; Rauch et al. 
2007). For several decades, archaeological research has shown that chemical isotope analysis can 
be used to georeference the regional migration of individuals and populations (Schwarcz et al. 
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1991; Sealy and van der Merwe 1985; Turner et al. 2009). Bioavailable elements and their 
corresponding isotopes are incorporated into human tissues through the ingestion of water and 
food resources or through the inhalation of soil born particles, and they include both essential 
elements (e.g. carbon, oxygen, nitrogen) and nonessential elements (e.g. strontium, lead) 
(Kamenov and Curtis 2017). Geochemical analyses of isotopes incorporated into various human 
tissues (i.e. hair, bone, nails, and teeth) can reveal information about an individual’s local 
environment and geographic location during the time the anatomical structure formed. For 
example, isotopic analyses reveal information about an individual’s childhood through analysis of 
tooth enamel, at minimum the last 6-10 years of life through analysis of bone, and the last few 
months or years of life through analysis of hair depending on its length. In other words, forensic 
anthropologists estimate if an unidentified is “local” to the area of recovery or migrated from 
another region in the world, providing new investigative leads about their identity. 
The application of isotopic analyses to modern populations for forensics is relatively recent 
and relies on accurate isotopic reference data from across the world (Gentile et al. 2015). Trace 
and minor elements such as strontium and lead are some of the most useful indicators of past 
environments in archaeological research (Schwarcz and Schoeninger 1991). Thus, research using 
high precision analysis of strontium (Sr) and lead (Pb) isotopes in human tissues are pivotal to the 
development of modern reference data for forensic applications (e.g. Font et al. 2015; Kamenov 
and Curtis 2017; Regan 2006). To evaluate the usefulness of lead and strontium isotopes in multi-
isotopic analyses of skeletal remains, this study explores two primary hypotheses:  
1. Populations living in disparate geographic regions (northeast U.S., southeast U.S., midwest 
U.S., Rocky Mountains, California, southwest U.S., Alaska, Hawaii, Colombia, Central 
America, Caribbean, Cape Verde, Morocco, Netherlands, Bulgaria, United Kingdom, 
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Albania) are often exposed to different natural and anthropogenic sources of bioavailable 
lead and strontium. Thus, the isotopic ratios of these populations can be quantified, 
discerned, and used to estimate the region of origin.  
2. Because lead and strontium isotopes independently vary due to geology and anthropogenic 
activity, a multi-element approach will increase the discriminatory power of isotopic ratios 
for use in estimating the region of origin (rather than relying on only one of these two 
elements).  
To test these hypotheses, high-precision lead isotope analysis is conducted and presented on 
63 modern human teeth, which were previously analyzed by Lustig (2013) and Row (2013) for 
strontium isotopes. The lead and strontium isotope data of 23 modern human teeth analyzed by 
Font et al. (2015), eight human teeth analyzed by Kamenov and Curtis (2017), and 26 human teeth 
analyzed by Regan (2006) are extracted from the literature to supplement the data analysis, which 
is completed using IBM SPSS® Statistics 24. Researchers who develop georeferencing methods 
using chemical isotope analysis offer an important investigative tool to law enforcement searching 
for answers about our Unidentified. The results of this study contribute to these efforts by showing 
the strength of multi-isotopic analyses and presenting refined, high-precision global reference data 
for forensic anthropologists and geoscientists to use in the investigation and identification of 
unidentified human remains.  
The remainder of this thesis is structured as follows: Chapter Two discusses the principles of 
stable isotope analysis, the study isotopes strontium and lead, and the applications of isotopic 
analysis to anthropology; Chapter Three describes the sample collection, the sample preparation, 
mass spectrometry, and methods for data analysis; Chapter Four reports the lead and strontium 
isotope data, the results of the statistical analyses, and figures; Chapter Five describes the 
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georeferencing potential of the lead and strontium isotope data; finally, Chapter Six summarizes 
the key findings and describes the limitations of this research.  
  
7 
 
 
 
 
 
 
CHAPTER TWO: LITERATURE REVIEW 
  
Chapter Two provides a brief primer on the 1) Principles of Stable Isotope Analysis, 2) 
Study of Isotopes Strontium and Lead, and 3) Applications in Anthropology, providing a basis for 
this thesis.  
 
Principles of Stable Isotope Analysis 
Isotopes of a given element have the same number of protons but a different number of 
neutrons, and they generally have the same chemical properties (Schwarcz and Schoeninger 1991). 
Typically classified as stable or non-stable, they can also be classified as radiogenic or non-
radiogenic. Isotopes are considered radiogenic when they result from the decay of long-lived 
radioactive isotopes, and variation in the abundance of radiogenic isotopes to their associated non-
radiogenic isotopes can be used to characterize distinct geographic regions (Schwarcz and 
Schoeninger 1991). This variation provides the basis for migration and provenance studies using 
isotopic analysis (Aggarwal et al. 2008).  
Although isotopes of a single element have the same chemical properties, their different 
atomic masses result in different thermodynamic and kinetic characteristics during chemical 
reactions. Consequently, light elements such as hydrogen, carbon, and oxygen undergo isotopic 
fractionation as they are exchanged through biogeochemical processes in the biosphere (Stille and 
Shields 1997). Although they can be useful for migration research, these isotope systems often 
require conversion factors to draw comparisons between different geological formations, 
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organisms, and tissues (Regan 2006). Heavy elements such as strontium and lead undergo 
negligible isotope fractionation due to their high atomic masses (Stille and Shields 1997). 
Therefore, the isotopic ratios of these elements in an organism’s tissues will reflect the isotopic 
ratios of their geological origin or source. This provides heavy isotope systems a distinct advantage 
over light isotope systems for migration studies (Hobson et al. 2010).  
Bioavailable elements (e.g. carbon, oxygen, nitrogen, strontium, and lead) and their 
corresponding isotopes are incorporated into human tissues such as bone and tooth enamel through 
the ingestion of water and food resources or through the inhalation of soil born particles (Kamenov 
and Curtis 2017). Consequently, isotopic analyses of skeletal elements can provide information 
about an individual’s dietary patterns and local environment throughout life. When it comes to 
analyzing skeletal remains, trace and minor elements such as strontium and lead have been the 
most useful indicators of past environment (Schwarcz and Schoeninger 1991). Stille and Shields 
(1997: 7) point out, however, that “source determinations are only possible because the isotopic 
ratios of [lead and strontium] vary sufficiently within the Earth and because these ratios vary within 
characteristic end members that define specific, geochemically different reservoirs.” In other 
words, geographic regions can be estimated for animal and human provenance only if significant 
variation in these isotopic ratios exist.   
Isotopic analysis can also reveal important information regarding an individual’s migration 
patterns throughout their life. This is accomplished by analyzing tissues that develop during 
different periods of an individual’s life, such as tooth enamel, bone, and hair (Kamenov et al. 
2014). For example, dental development and eruption are closely associated with chronological 
age during the first two decades of life, and tooth enamel is comprised of avascular mineralized 
tissue that does not remodel or change unless it is destroyed by cultural modification, breakage, or 
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demineralization (AlQahtani et al. 2010; Smith 1991; White et al. 2011). Consequently, isotopes 
incorporated into tooth enamel remain virtually unchanged throughout an individual’s life and can 
provide information about an individual’s local environment during early childhood.  Bone, on the 
other hand, is a metabolically active tissue that undergoes continuous remodeling throughout life, 
and the rate of bone remodeling varies due to several factors including age, activity, or health and 
nutritional status (Qin 2013). Despite this variability, it is generally thought that the isotopic ratios 
of cortical bone reflect at minimum the last 6-10 years of an individual’s life (Lamb et al. 2014; 
Sealy et al. 1995). Therefore, isotopic analysis of bone is useful for determining whether an 
individual was residing in the area of discovery for a significant amount of time prior to death.   
Hair and fingernails are alternative tissues that can be sampled for chemical isotope 
analyses.  Human hair is a metabolically inactive tissue that develops incrementally, approximately 
one centimeter per month (Hobson et al. 2010; Valkovic 1988). By sampling hair from the distal, 
midshaft, and root segments, isotopic analyses of hair are useful for identifying any recent, 
longitudinal changes in an individual’s diet or local environment (Knudson et al. 2012, Neuberger 
et al. 2013). Human fingernails also develop incrementally, and recent research suggests that 
isotopic analysis of fingernail keratin tissues may reveal an individual’s residence during the last 
four to five weeks of their life using strontium and the last three to five months of their life using 
oxygen (Mancuso and Ehleringer 2018). 
With advances in stable isotope analysis and geographic information systems, a common 
goal among researchers is to develop isoscapes to aid in forensic investigations. Isoscapes are 
developed using process-based models, isotopic data, and geospatial mapping, and they allow 
users to visualize the isotopic information that characterize distinct geographic regions (Ehleringer 
et al. 2010). However, the success of these models is dependent on the development of 
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comprehensive isotopic datasets using biological and/or geological samples of known origin. 
Schwarcz et al. (2010) argue that plants and animals, rather than bedrock/soils, provide the most 
accurate reflection of bioavailable isotopes in a particular region as it accounts for temporal 
variation and anthropogenic or natural alterations in the isotopic background. Similarly, Kamenov 
and Curtis (2017) argue that the best approach for improving isotopic reference data for forensic 
investigations is to collect multi-isotopic data on modern human skeletal material with known 
origin. Teeth are largely preferred for these purposes because they do not remodel and are resistant 
to diagenesis (White et al. 2011). Researchers conducting high precision analysis of strontium and 
lead isotopes on modern human tooth enamel, such as Font and co-authors (2015), Kamenov and 
Curtis (2017), and Regan (2006), have been pivotal in developing this type of modern reference 
data for forensic applications.  
 
Study of Isotopes: Strontium and Lead 
Strontium (Sr) is considered a non-toxic, non-essential element, but it readily substitutes 
for calcium in the carbonate hydroxyapatite of the human skeleton due to their similar chemical 
and physical properties (Bentley 2006; Montgomery 2010; Schwarcz and Schoeninger 1991). 
Strontium occurs naturally in the form of one radiogenic isotope (87Sr – a product of 87Rb decay) 
and three non-radiogenic isotopes (88Sr, 86Sr, and 84Sr). The abundance and variation of these 
isotopes in regions throughout the Earth depend on the initial rubidium (Rb) and strontium ratios 
found in the underlying bedrock and the time passed since formation (Beard and Johnson 2000). 
In general, the 87Sr/86Sr ratio will be higher in older geological formations with high Rb/Sr ratios 
(Vogel et al. 1990). Humans are primarily exposed to bioavailable strontium through the ingestion 
of food and water. However, the natural strontium background in a region may be altered due to 
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the effects of weathering, water flow from another region, or natural atmospheric deposition 
(Beard and Johnson 2000; Schwarcz et al. 2010). Modern anthropogenic activity, such as land-use 
practices and the global exchange of food and water, can also affect the bioavailable strontium in 
a region (Kamenov and Curtis 2017; Montgomery 2010; Rubenstein and Hobson 2004). 
Similar to strontium, lead (Pb) substitutes for calcium in the carbonate hydroxyapatite 
portion of bone and tooth enamel (Kamenov and Gulson 2014; Schwarcz and Schoeninger 1991). 
Lead occurs naturally in the form of three radiogenic isotopes (206Pb – a product of 238U decay, 
207Pb – a product of 235U decay, 208Pb – a product of 232Th decay) and as one non-radiogenic isotope 
(204Pb), and it has been exploited by humans for thousands of years (Nriagu 1998; Sangster et al. 
2000). The abundance and variation of lead isotopes in regions throughout the Earth depend on 
the initial uranium (U), thorium (Th), and lead (Pb) ratios of the surrounding minerals or rock and 
the time passed since formation (Kamenov and Gulson 2014). In general, radiogenic lead isotope 
ratios will be higher in older geological rocks with high U/Pb and Th/Pb ratios. Humans are 
primarily exposed to bioavailable lead through inhalation or ingestion of soil-born particles 
(Kamenov 2008; Mielke and Reagan 1998), although long term exposure to high doses of lead 
from “point-sources” may be detectible in the skeleton as well (Kamenov and Gulson 2014). It is 
important to note that the natural lead background in nearly every region on the Earth has been 
noticeably altered through modern anthropogenic activity, such as mining and smelting of lead 
ores, by releasing new isotopic signatures into the environment (Kamenov and Gulson 2014; 
Kurkjian and Flegal 2003; Mielke et al. 2010). 
The application of lead isotopes to migration research is recent, though the lead content in 
environmental samples and human tissues has been of interest since the discovery of its toxicity in 
the industrial age (Kamenov 2008). Gulson et al. (1997) were the first to recognize lead isotopes 
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as a potential tool for forensic identifications after identifying statistically significant differences 
in the lead isotopes of Australian and European individuals. However, only a few high-precision 
lead studies have been conducted despite research suggesting they can be instrumental for 
estimating a geographical place of origin for unidentified human remains (Kamenov and Curtis 
2017). High-precision methods of analysis can be achieved by using a double- or triple-spike 
Thermal-ionization mass-spectrometer (TIMS) or a multiple collector inductively coupled plasma 
mass spectrometer (MC-ICP-MS) (e.g. Abouchami et al. 2000; Kamenov et al. 2005; Woodhead 
2002).  
 
Applications in Anthropology 
Stable isotope analysis in anthropology can trace its origins to the 1970s, beginning with 
the work of Vogel and van der Merwe (1977) on maize agriculture and dietary reconstruction using 
carbon isotopes. Since then, a breadth of archaeological research shows that chemical isotope 
analysis can be used to georeference the regional migration of individuals (Ericson 1985; Sealy 
and van der Merwe 1985; Schwarcz et al. 1991; Turner et al. 2009). The forensic application of 
stable isotope analyses to unidentified human remains was discussed early on by Katzenberg and 
Krouse (1989), and it has been successfully applied to forensic casework as an identification tool 
(Font et al. 2015; Meier-Augenstein and Fraser 2008).  
 Strontium isotopes have been utilized by archaeologists to understand migration and 
mobility of past populations for several decades. Many studies have shown that the 87Sr/86Sr ratios 
in geological and biological substances vary significantly across regions on the Earth, and it can 
be used to trace human migration (e.g. Beard and Johnson 2000; Ericson 1985; Price et al. 2002; 
Sealy et al. 1995). Researchers have become increasingly interested in the application of strontium 
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isotope analysis in modern migration studies. A pilot study conducted by Juarez (2008) on samples 
of modern human tooth enamel suggests strontium isotopes can be used to distinguish at least three 
geological regions in Mexico and may be applicable to the problem of migrant deaths at the U.S.-
Mexico border. Meanwhile, Keller et al. (2016) have found significant regional variation using 
strontium isotopes in the United States. Montgomery (2010) contends that strontium isotopes are 
best used for exclusionary purposes. This is because a single isotope ratio is rarely unique, and the 
few isoscapes available lack sufficient reference data for many regions throughout Earth 
(Montgomery 2010). There is additional concern that the global exchange of food and water is 
leading to the homogenization of isotope values across different regions (Juarez 2008; Keller et al. 
2016). 
Since the development of high-precision methods of analyses, the addition of lead isotopes 
into multi-isotopic migration studies has shown a great deal of promise for proveniencing both 
archaeological and modern human populations. Recent studies within archaeology that have 
utilized lead isotope analysis to address questions of mobility and migration include Price et al. 
(2017) and Shaw et al. (2016). These studies have shown that lead isotopes in multi-isotopic 
analysis of human teeth can be used to better estimate regional migration. For example, Price et 
al. (2017) performed isotopic analyses on skeletal remains from a 16th century silver mine cemetery 
in Sweden. Previous analyses using strontium and oxygen isotopes detected non-local signatures 
among the decedents, possibly foreign workers or prisoners of war. With the addition of lead 
isotopes, the researchers were able to identify the regions of origin for several individuals when 
their ratios were compared to those of known lead ores across Europe. Shaw et al. (2016) analyzed 
skeletal remains from the cosmopolitan center of Roman London. The researchers found lead 
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isotopes to be particularly valuable when strontium isotopes were inconclusive and were able to 
identify several migrants from northern Europe and the Mediterranean.  
The incorporation of lead isotopes in multi-isotopic analyses has been discussed and 
applied more recently to modern forensic contexts, showing the ability to generate new, and 
sometimes unexpected, investigative leads. For example, Kamenov et al. (2014) sampled the hair, 
teeth, and bone of a young female homicide victim in Florida to perform chemical and isotopic 
analyses. The lead isotope ratios of the victim’s bone and teeth reveal she likely lived most of her 
life in Europe and did not live in the United States for a substantial amount of time prior to her 
death. Used in combination with strontium, oxygen, and carbon isotopes, the researchers were able 
to identify southeastern Europe, possibly Greece, as her region of origin.  
Regan (2006) performed isotopic analyses on southeast Asian and American dental 
remains to evaluate the georeferencing potential of carbon, oxygen, strontium, and lead isotopes. 
One major benefit of her research is that she received donated teeth from United States Air Force 
Academy cadets with known demographic information. Regan (2006) analyzed the lead and 
strontium isotopes of the third molars of 26 U.S.-born individuals and compiled the first set of 
isotopic reference data from U.S.-born individuals with known demographic data for the purposes 
of forensic work. Regan (2006) found that the 87Sr/86Sr ratios were relatively uniform across the 
U.S. samples ranging from 0.70797 to 0.71061. Additionally, no clear trends were found within 
the U.S. samples using lead isotopes. The 208Pb/204Pb ratios range from 38.183 to 38.617. The 
207Pb/204Pb ratios range from 15.625 to 15.675, and the 206Pb/204Pb ratios range from 18.471 to 
19.049. However, Regan (2006) argues this may be due to small sample sizes. Regardless of the 
lack of intraregional variation in the United States, Regan (2006) found significant differences in 
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the lead and strontium isotope ratios between Southeast Asian and American dental remains, 
suggesting these isotope systems are still applicable to modern forensic contexts. 
As part of a cold case human identification project, Font and co-authors (2015) applied 
multi-isotopic analyses for the purposes of human provenance to an unidentified male discovered 
in Amsterdam. The authors provide the oxygen, lead, and strontium isotope ratios of 23 donated 
third molars from individuals with known demographic information, which were used to 
characterize the local isotopic signature of the Netherlands. The 87Sr/86Sr ratios range from 0.70847 
to 0.70968.  The 208Pb/204Pb ratios range from 37.772 to 38.034. The 207Pb/204Pb ratios range from 
15.580 to 15.617, and the 206Pb/204Pb ratios range from 17.855 to 18.133. Based on significant 
differences in the decedent’s lead and oxygen isotope ratios compared to individuals from the 
Netherlands, Font and co-authors (2015) determined the decedent likely grew up in another region 
of Europe, such as south/west Poland, southeast Slovakia or the Carpathian mountain region. The 
results were later validated when a positive identification revealed the individual was from 
southwest Poland (Font et al. 2015).   
Kamenov (2008) published a set of high-precision lead isotope ratios of individuals born 
in Bulgaria while investing lead pathways into the human body. His research found soil or soil-
born dust inhalation/ingestion as the most likely source of lead exposure in the region surrounding 
Sofia, Bulgaria as opposed to uptake through food consumption. Kamenov and Curtis (2017) 
subsequently published the carbon, oxygen, and strontium isotope ratios of the same samples from 
Bulgaria to evaluate multi-isotopic approaches for georeferencing human remains. Although 
different skeletal tissues were also sampled, Kamenov and Curtis (2017) analyzed the tooth enamel 
of 8 Bulgarian individuals. Lead isotope analysis of the teeth show a distinct “Bulgarian” range 
when compared to the known lead isotope ratios of other regions, such as the U.S., the Netherlands, 
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or Poland (Kamenov and Curtis 2017). The 208Pb/204Pb ratios range from 38.380 to 38.611. The 
207Pb/204Pb ratios range from 15.626 to 15.639, and the 206Pb/204Pb ratios range from 18.350 to 
18.525. Strontium isotope analysis was the least useful isotope system for georeferencing human 
remains due to regional overlap: for example, the Bulgarian samples range from 0.70774 to 
0.70899 while most data for Europe and the USA fall between 0.708 and 0.710 (Kamenov and 
Curtis 2017).  
Recognizing the georeferencing potential of lead isotopes, Kamenov and Gulson (2014) 
published a brief review on the historical and modern patterns of human lead exposure and 
compiled a supplemental dataset of published lead isotope ratios of historical and modern human 
teeth from around the world (e.g. U.S., South America, Europe, Middle East, Asia). Though a 
substantial amount of the compiled lead isotope data lack demographic information, the lead 
isotope data can still be used to characterize regions throughout the Earth and make general 
inferences regarding the geographic variation of lead isotope ratios (Kamenov and Gulson 2014 
and references therein).  
For instance, Kamenov and Gulson (2014) found significant differences among the lead 
isotopic signatures of modern populations. In particular, individuals born in the United States and 
in Australia have lead isotope values that are distinct from the rest of the world. These apparent 
regional differences can be attributed to the lead additives used in gasoline during the 20th century 
and their corresponding ore deposits (Kamenov and Gulson 2014). The United States, for example, 
used lead from the Mississippi Valley Type deposits, which are considered highly radiogenic 
(Kesler et al. 1994). This largely explains why modern U.S. teeth are generally characterized by 
206Pb/204Pb ratios greater than 18.5 and can be distinguished from any other region of the world 
(Kamenov and Gulson 2014). In Europe, South America, Africa, and Asia, lead was imported from 
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the Australian deposits Broken Hill and Mt. Isa, which are less radiogenic with low 204-based lead 
isotopic ratios (Gulson 1986).  This explains why modern European, Asian, Middle Eastern, and 
South American teeth are generally characterized with 206Pb/204Pb ratios less than 18.5 and fall on 
the same trend line as modern Australian teeth, although modern Australian teeth are generally 
distinct with 206Pb/204Pb ratios less than 17.7 (Kamenov and Gulson 2014).  
Collectively, these studies (Font et al. 2015; Kamenov and Curtis 2017; Kamenov et al. 
2014; Regan 2006) show the efficacy of lead isotope analyses in multi-isotope investigations of 
unidentified human remains, particularly when strontium isotope analyses are inconclusive. Given 
that the abundance of lead isotopes varies independently from other isotopes such as carbon, 
oxygen, or strontium, it stands to reason that a multi-element approach would increase the 
discriminatory power of isotopic ratios for use in determining the region of origin. It is also 
possible that lead isotope ratios can be used to distinguish individuals born and raised in the United 
States from individuals born and raised elsewhere on the Earth, at least for the last 70-80 years 
(Kamenov and Gulson 2014). This has important implications for the problem of unidentified 
persons in the United States, where a large proportion of unidentified decedents are contextually 
identified as immigrants (Anderson 2008; Fleischman et al. 2017; Kimmerle et al. 2009; Paulozzi 
et al. 2008; Reineke and Martínez 2014; Spradley 2014; Tise et al. 2014). Provided the paucity of 
human provenance studies using high-precision lead isotope analysis, research that analyzes the 
geolocation reliability of lead isotopes obtained from modern human skeletal material is warranted.  
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CHAPTER THREE: MATERIALS AND METHODS 
 
Chapter Three provides the materials and methods of this study in five main sections: 1) 
Sample Descriptions; 2) Sample Preparation; 3) Lead Extraction; 4) Mass Spectrometry; and 5) 
Data Analysis. To evaluate the usefulness of lead isotopes in multi-isotopic analyses of skeletal 
remains, this study explores two primary hypotheses: 
1. Populations living in different geographic regions (northeast U.S., southeast U.S., midwest 
U.S., Rocky Mountains, California, southwest U.S., Alaska, Hawaii, Colombia, Central 
America, Caribbean, Cape Verde, Morocco, Netherlands, Bulgaria, United Kingdom, 
Albania) are exposed to different natural and anthropogenic sources of lead and strontium. 
Thus, the range of isotopic ratios of these populations can be quantified, discerned, and 
used to estimate region of origin.  
2. Because lead and strontium isotopes independently vary due to geology and anthropogenic 
activity, a multi-element approach will increase the discriminatory power of isotopic ratios 
for use in estimating the region of origin (rather than relying on only one of these two 
elements).  
 
Sample Description 
High precision lead isotope analysis is performed on n=63 modern human teeth with known 
origin, which were previously analyzed for strontium isotopes by Lustig (2013) and Row (2013). 
The human teeth used for lead isotope analysis are under the care of Dr. Jonathan Bethard at the 
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University of South Florida and were obtained from various programs. Samples denoted with 
“AC” were obtained from individuals donated to the Anatomical Gifts program in the Department 
of Anatomy and Neurobiology at Boston University School of Medicine (Lustig 2013). Samples 
denoted by “AL” were donated to Lustig (2013) and collected from individuals undergoing pre-
arranged standard dental extractions by Dr. Steven Bookless of the Boston Medical Center Oral 
and Maxillofacial Surgery. Finally, samples denoted by “BUC/KR” were collected from the 
Antioquia Modern Skeletal Reference Collection located in Medellín Colombia and were obtained 
through the efforts of Dr. Elizabeth DiGangi and John Fredy Ramirez, the curator of the collection 
(Row 2013). The lead and strontium isotope data of n=23 modern human teeth analyzed by Font 
et al. (2015), eight human teeth analyzed by Kamenov and Curtis (2017), and n=26 human teeth 
analyzed by Regan (2006) were extracted from the literature to supplement the data analysis. To 
date, these are the only recent studies that perform high precision MC-ICP-MS lead isotope 
analysis on modern human teeth with known demographic information. In total, analysis is 
performed on the lead and strontium isotope data of n=120 modern human teeth with known 
origins. Sixty individuals were born in the United States between 1912 and 1994, and sixty 
individuals were born outside of the United States between 1923 and 1992. 
 
Northeast U.S. 
Thirty teeth are from individuals born in the greater northeast region of the United States, 
including Connecticut (n=1), Maine (n=1), Massachusetts (n=20), New York (n=5), Pennsylvania 
(n=1), Vermont (n=1), and Washington, D.C. (n=1) (Table 3.1). Lead isotope analysis was 
performed on twenty-eight of these teeth, which previously underwent strontium isotope analysis 
by Lustig (2013). The strontium and lead isotope data of AFA-085 and AFA-078 are from Regan 
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(2006) to supplement the data analysis. Birth years are estimated from the known age, date of 
death, or date of extraction, ranging from 1912 to 1994. Nineteen individuals are female, ten 
individuals are male, and one is unknown. Tooth types are primarily incisors and molars. Four 
individuals reportedly moved residences before the age of 18:  
• AL18 was born in New York but moved to Massachusetts;  
• AFA-078 was born in Vermont but moved to Missouri and Colorado;  
• AFA-085 was born in Connecticut but moved to Colorado;  
• AL21 was born in Massachusetts but moved to Haiti.  
 
Table 3.1. Demographic information of individuals born in the northeast U.S. 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AFA-085 CT Molar 1987 M Regan (2006) Regan (2006) 
AC13 ME Incisor 1954 F Original Lustig (2013) 
AC03 MA Incisor 1917 F Original Lustig (2013) 
AC04 MA Incisor 1912 F Original Lustig (2013) 
AC06 MA Incisor 1920 F Original Lustig (2013) 
AC07 MA Incisor 1945 M Original Lustig (2013) 
AC08 MA Canine -- M Original Lustig (2013) 
AC10 MA Canine 1950 M Original Lustig (2013) 
AC16 MA Incisor 1938 M Original Lustig (2013) 
AC20 MA Incisor 1941 F Original Lustig (2013) 
AC29 MA Incisor 1933 M Original Lustig (2013) 
AC31 MA Molar 1922 F Original Lustig (2013) 
AC32 MA Incisor 1930 F Original Lustig (2013) 
AL07 MA Molar 1988 F Original Lustig (2013) 
AL08 MA Molar 1994 F Original Lustig (2013) 
AL14 MA Molar 1984 F Original Lustig (2013) 
AL19 MA Molar 1982 F Original Lustig (2013) 
AL21 MA Molar 1990 M Original Lustig (2013) 
AL24 MA Molar 1971 F Original Lustig (2013) 
AL28 MA Molar 1959 F Original Lustig (2013) 
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Table 3.1. (continued) 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AL32 MA Molar 1953 -- Original Lustig (2013) 
AL35 MA Molar 1986 F Original Lustig (2013) 
AC01 NY Canine 1951 F Original Lustig (2013) 
AC15 NY -- 1921 F Original Lustig (2013) 
AC34 NY Canine 1924 F Original Lustig (2013) 
AL02 NY Molar 1989 F Original Lustig (2013) 
AL18 NY Molar 1984 F Original Lustig (2013) 
AC09 PA Incisor 1930 M Original Lustig (2013) 
AFA-078 VT Molar 1985 M Regan (2006) Regan (2006) 
AC24 DC Incisor 1918 M Original Lustig (2013) 
 
 
Southeast U.S.  
 Eleven teeth are from individuals born in the southeast region of the United States, 
including Alabama (n=1), Arkansas (n=1), Florida (n=3), Georgia (n=1), Kentucky (n=1), 
Mississippi (n=1), North Carolina (n=1), Tennessee (n=1), and Virginia (n=1) (Table 3.2). Lead 
isotope analysis was performed on three teeth, which were previously analyzed by Lustig (2013) 
for strontium. Lead and strontium isotope data of the remaining eight teeth are from Regan (2006) 
to supplement the data analysis. Birth years were estimated from the known age, date of death, or 
date of extraction, ranging from 1953 to 1986. There are two females and nine males. Tooth types 
are primarily molars. Six individuals reportedly moved residences before the age of 18: 
• AL38 was born in Florida but also lived in Kansas, California, and Maryland; 
• AFA-004 was born in Tennessee but moved to Alabama; 
• AFA-089 was born in Florida but moved to Ohio and California; 
• AFA-164, AFA-174, and AFA-176 moved from Georgia, Kentucky, and Florida, 
respectively, to Colorado. 
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Table 3.2. Demographic information of individuals born in the southeast U.S. 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AFA-133 AL Molar 1986 F Regan (2006) Regan (2006) 
AC30 AR Incisor 1953 M Original Lustig (2013) 
AL38 FL Premolar 1980 M Original Lustig (2013) 
AFA-089 FL Molar 1984 M Regan (2006) Regan (2006) 
AFA-176 FL Molar 1984 M Regan (2006) Regan (2006) 
AFA-164 GA Molar 1984 M Regan (2006) Regan (2006) 
AFA-174 KY Molar 1984 M Regan (2006) Regan (2006) 
AFA-134 MS Molar 1985 M Regan (2006) Regan (2006) 
AL15 NC Molar 1982 F Original Lustig (2013) 
AFA-004 TN Molar 1982 M Regan (2006) Regan (2006) 
AFA-096 VA Molar 1984 M Regan (2006) Regan (2006) 
 
Midwest U.S. 
Six teeth are from individuals born in the midwest region of the U.S., including Illinois, 
Missouri, Michigan, Minnesota, Nebraska, and Ohio (Table 3.3). Lead isotope analysis was 
performed on three of these teeth, which were previously analyzed by Lustig (2013) for strontium. 
The lead and strontium data of AFA-025, AFA-056, and AFA-060 are from Regan (2006) to 
supplement the data analysis. Estimated from the known age, date of death, or date of extraction, 
birth years range from 1917 to 1985. There are two females and four males. Tooth types are 
primarily incisors and molars.  
 
Table 3.3. Demographic information of individuals born in the midwest U.S. 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AC14 IL Canine 1947 M Original Lustig (2013) 
AC17 OH Incisor 1917 F Original Lustig (2013) 
AC35 MO Incisor 1920 M Original Lustig (2013) 
AFA-025 MI Molar 1961 F Regan (2006) Regan (2006) 
AFA-056 MN Molar 1985 M Regan (2006) Regan (2006) 
AFA-060 NE Molar 1985 M Regan (2006) Regan (2006) 
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Rocky Mountains 
Four teeth are from individuals born in the Rocky Mountain region: Colorado (n=3) and 
Idaho (n=1) (Table 3.4). The lead and strontium data of these molars are from Regan (2006) to 
supplement the data analysis. These male individuals were born between 1982 and 1984.  
 
Table 3.4. Demographic information of individuals born in the Rocky Mountain region 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AFA-031 CO Molar 1982 M Regan (2006) Regan (2006) 
AFA-051 CO Molar 1984 M Regan (2006) Regan (2006) 
AFA-103 CO Molar 1983 M Regan (2006) Regan (2006) 
AFA-146 ID Molar 1983 M Regan (2006) Regan (2006) 
 
 
California 
 Four teeth are from individuals born in California (Table 3.5). The lead and strontium data 
of these molars are from Regan (2006) to supplement the data analysis. These individuals (three 
males, one female) were born between 1975 and 1986. One individual reportedly moved 
residences before the age of 18: 
• AFA-006 was born in California but moved to Colorado. 
 
Table 3.5. Demographic information of individuals born in California 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AFA-006 CA Molar 1986 M Regan (2006) Regan (2006) 
AFA-111 CA Molar 1984 M Regan (2006) Regan (2006) 
AFA-116 CA Molar 1975 M Regan (2006) Regan (2006) 
AFA-173 CA Molar 1984 F Regan (2006) Regan (2006) 
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Southwest U.S. 
Three teeth are from individuals born in the southwest U.S., including Arizona (n=2) and 
Texas (n=1) (Table 3.6). The lead and strontium data of these molars are from Regan (2006) to 
supplement the data analysis. These individuals (two males, one female) were born between 1983 
and 1984. All three individuals reportedly moved to Colorado before the age of 18. 
 
Table 3.6. Demographic information of individuals born in the southwest U.S. 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AFA-017 AZ Molar 1984 M Regan (2006) Regan (2006) 
AFA-021 AZ Molar 1983 M Regan (2006) Regan (2006) 
AFA-163 TX Molar 1984 F Regan (2006) Regan (2006) 
 
 
Non-Contiguous U.S.  
 Two teeth are from individuals born in the non-contiguous U.S.: Hawaii and Alaska (Table 
3.7). The lead and strontium data of these molars are from Regan (2006) to supplement the data 
analysis. These male individuals were born between 1982 and 1984. Both men reportedly moved 
before the age of 18. 
• AFA-063 was born in Alaska but later moved to California; 
• AFA-086 was born in Hawaii but moved to Colorado.  
 
Table 3.7. Demographic information of individuals born in the non-contiguous U.S. 
Sample State Tooth Birth Year Sex Lead Data Strontium Data 
AFA-063 AK Molar 1984 M Regan (2006) Regan (2006) 
AFA-086 HI Molar 1982 M Regan (2006) Regan (2006) 
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Colombia 
Nine teeth are from individuals born in Colombia (Table 3.8). Lead isotope analysis was 
performed on all nine teeth, where were previously analyzed by Row (2013) for strontium. Eight 
individuals were born in the department of Antioquia while one individual was born in the 
department of Atlántico. The female to male ratio is one female to eight males. Birth years were 
estimated from the known age and date of death, ranging from 1925 to 1970. Tooth types are 
primarily molars and premolars. 
 
Table 3.8. Demographic information of individuals born in Colombia 
Sample City Department Tooth Birth 
Year 
Sex Lead 
Data 
Strontium 
Data 
BUC78/KR35 Medellín Antioquia Molar 1970 M Original Row (2013) 
BUC80/KR32 Medellín Antioquia Molar 1970 M Original Row (2013) 
BUC81/KR55 Barranquilla Atlántico Premolar 1949 M Original Row (2013) 
BUC82/KR27 Medellín Antioquia Molar 1969 M Original Row (2013) 
BUC83/KR18 Medellín Antioquia Canine 1952 M Original Row (2013) 
BUC85/KR61 Abejorral Antioquia Premolar 1925 M Original Row (2013) 
BUC86/KR54 Caceres Antioquia Molar 1931 M Original Row (2013) 
BUC87/KR43 Santario Antioquia Premolar 1964 F Original Row (2013) 
BUC87/KR53 Toledo Antioquia Premolar 1968 M Original Row (2013) 
 
 
Central America 
 Six teeth are from individuals born in Central America, including El Salvador, Honduras, 
and Guatemala Table (3.9). Lead isotope analysis was performed on all six teeth, which were 
previously analyzed by Lustig (2013) for strontium. Birth years were estimated from the known 
age and date of extraction, ranging from 1958 to 1983. There are four females and two males. 
Tooth types are primarily molars.  
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Table 3.9. Demographic information of individuals born in Central America 
Sample Country Tooth Birth Year Sex Lead Data Strontium Data 
AL03 EL Salvador Molar 1983 F Original Lustig (2013) 
AL09 El Salvador Molar 1958 M Original Lustig (2013) 
AL26 Guatemala Molar 1969 F Original Lustig (2013) 
AL36 Guatemala Molar 1975 M Original Lustig (2013) 
AL22 Honduras Premolar -- F Original Lustig (2013) 
AL31 Honduras Molar 1989 F Original Lustig (2013) 
 
 
Caribbean 
Seven teeth are from individuals born in the Caribbean, including Dominican Republic, Haiti, 
and Jamaica (Table 3.10). Lead isotope analysis was performed on all seven teeth, which were 
previously analyzed by Lustig (2013) for strontium. Birth years were estimated from the known 
age and date of extraction, ranging from 1958 to 1983. There are three females, three males, and 
one unknown sex. Tooth types are primarily molars. One individual reportedly moved residences 
before the age of 18: 
• AL10 was born in Jamaica but moved to Massachusetts. 
 
Table 3.10. Demographic information of individuals born in the Caribbean 
Sample Country Tooth Birth Year Sex Lead Data Strontium Data 
AL10 Dom. Rep. Molar 1983 F Original Lustig (2013) 
AL16 Haiti Molar 1973 -- Original Lustig (2013) 
AL20 Haiti Premolar 1966 F Original Lustig (2013) 
AL25 Haiti Molar 1958 M Original Lustig (2013) 
AL27 Haiti Molar -- F Original Lustig (2013) 
AL30 Haiti Molar 1972 M Original Lustig (2013) 
AL39 Jamaica Premolar 1964 M Original Lustig (2013) 
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Cape Verde 
 Three teeth are from individuals born in Cape Verde (Table 3.11). Lead isotope analysis 
was performed on all three teeth, which were previously analyzed by Lustig (2013) for strontium. 
Birth years are estimated from the known age and date of extraction, ranging from 1956 to 1990. 
There are two females and one male. Tooth types are primarily molars.  
 
Table 3.11. Demographic information of individuals born in Cape Verde  
Sample Country Tooth Birth Year Sex Lead Data Strontium Data 
AL33 Cape Verde Molar 1990 F Original Lustig (2013) 
AL34 Cape Verde Incisor 1966 M Original Lustig (2013) 
AL37 Cape Verde Molar 1956 F Original Lustig (2013) 
 
 
Morocco 
 Two molars are from male individuals born in Morocco (Table 3.12). Lead isotope analysis 
was performed on both teeth, which were previously analyzed by Lustig (2013) for strontium. 
Birth years are estimated from the known age and date of extraction, ranging from 1980 to 1981.  
 
Table 3.12. Demographic information of individuals born in Morocco 
Sample Country Tooth Birth Year Sex Lead Data Strontium Data 
AL06 Morocco Molar 1981 M Original Lustig (2013) 
AL29 Morocco Molar 1980 M Original Lustig (2013) 
 
 
 
Albania & United Kingdom 
 Two teeth are from male individuals born in the United Kingdom and Albania (Table 3.13). 
Lead isotope analysis was performed on both teeth, which were previously analyzed by Lustig 
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(2013) for strontium. Birth years are estimated from the known age, date of death, or date of 
extraction, ranging from 1923 to 1950.  
 
Table 3.13. Demographic information of individuals born in Albania & United Kingdom 
Sample Country Tooth Birth Year Sex Lead Data Strontium Data 
AL04 Albania Molar 1950 M Original Lustig (2013) 
AC27 England Incisor 1923 M Original Lustig (2013) 
 
 
Netherlands 
Twenty-three teeth are from individuals born in Holland (Table 3.14). The lead and 
strontium data of these molars are extracted from Font et al. (2015) to supplement the data analysis. 
There are fifteen females and eight males. Birth years are estimated from the known age and date 
of extraction, ranging from 1954 to 1992.  
 
Table 3.14. Demographic information of individuals born in the Netherlands 
Sample Country Tooth Birth Year Sex Lead Data Strontium Data 
FEA17 Holland Molar 1954 M Font et al. (2015) Font et al. (2015) 
FEA13 Holland Molar 1977 M Font et al. (2015) Font et al. (2015) 
FEA24 Holland Molar 1978 F Font et al. (2015) Font et al. (2015) 
FEA6 Holland Molar 1978 M Font et al. (2015) Font et al. (2015) 
FEA12 Holland Molar 1980 M Font et al. (2015) Font et al. (2015) 
FEA2 Holland Molar 1982 F Font et al. (2015) Font et al. (2015) 
FEA26 Holland Molar 1982 F Font et al. (2015) Font et al. (2015) 
FEA29 Holland Molar 1982 F Font et al. (2015) Font et al. (2015) 
FEA30 Holland Molar 1982 F Font et al. (2015) Font et al. (2015) 
FEA27 Holland Molar 1983 F Font et al. (2015) Font et al. (2015) 
FEA28 Holland Molar 1983 M Font et al. (2015) Font et al. (2015) 
FEA5 Holland Molar 1983 M Font et al. (2015) Font et al. (2015) 
FEA16 Holland Molar 1984 F Font et al. (2015) Font et al. (2015) 
FEA1 Holland Molar 1986 M Font et al. (2015) Font et al. (2015) 
FEA4 Holland Molar 1987 F Font et al. (2015) Font et al. (2015) 
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Table 3.14. (continued) 
Sample Country Tooth Birth Year Sex Lead Data Strontium Data 
FEA18 Holland Molar 1989 F Font et al. (2015) Font et al. (2015) 
FEA19 Holland Molar 1989 M Font et al. (2015) Font et al. (2015) 
FEA11 Holland Molar 1990 F Font et al. (2015) Font et al. (2015) 
FEA3 Holland Molar 1990 F Font et al. (2015) Font et al. (2015) 
FEA22 Holland Molar 1991 F Font et al. (2015) Font et al. (2015) 
FEA15 Holland Molar 1992 F Font et al. (2015) Font et al. (2015) 
FEA23 Holland Molar 1992 F Font et al. (2015) Font et al. (2015) 
FEA25 Holland Molar 1992 F Font et al. (2015) Font et al. (2015) 
 
Bulgaria 
Eight teeth are from individuals born in Bulgaria (Table 3.15). The lead and strontium data 
are extracted from Kamenov and Curtis (2017) to supplement the data analysis. Tooth type and 
sex are unknown. Birth years are estimated from the known age and approximate year of 
extraction, ranging from 1946 to 1988.  
 
Table 3.15. Demographic information of individuals born in Bulgaria 
Sample Country Birth Year Lead Data Strontium Data 
Z01E Bulgaria 1956 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
Z02E Bulgaria 1973 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
Z03E Bulgaria 1967 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
Z04E Bulgaria 1975 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
Z06E Bulgaria 1970 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
Z07E Bulgaria 1974 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
Z09E Bulgaria  1946 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
Z11E Bulgaria 1988 Kamenov and Curtis (2017) Kamenov and Curtis (2017) 
  
Sample Preparation 
 The original lead isotope data of 63 modern human teeth are presented in Chapter Four: 
Results. Initial preparation of these teeth for lead extraction took place within the Department of 
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Anthropology at the University of South Florida, Tampa. The outer surface of the enamel and 
loose contaminants from each tooth were manually removed with a dental drill. From each tooth, 
a chunk of enamel weighing approximately 20 to 40 mg was removed. The surface of the enamel 
chip was abraded with the dental drill until it was clean and free of any dentin. If enamel chips 
could not be easily removed, the enamel was abraded into a fine powder weighing between 20 to 
40 mg. The samples were placed in clearly labeled, sterile centrifuge tubes. The following protocol 
was performed at the Geological Sciences Laboratory under the supervision of Dr. George D. 
Kamenov at the University of Florida, Gainesville. The samples were weighed and transferred into 
clean, refluxed Teflon vials. The enamel powder or chip within each Teflon vial was dissolved in 
3 ml 50% nitric acid (HNO3) (Optima grade), and the vials were capped and placed on a hot plate 
overnight. Once digested, the vials were uncapped to evaporate the resultant solution. 
 
Lead Extraction 
The samples of dissolved tooth enamel were then prepared for lead extraction via ion 
chromatography. Short Teflon columns with a stem packed in 6N hydrochloric acid (HCl) were 
rinsed three times with 4X DI H2O. The stem of each column was filled with 4X DI H2O while 
avoiding the formation of air bubbles and then packed with approximately 100 μl of 100-200 mesh 
Dowex 1X-8 resin to form a resin bed. The resin was washed with 2 ml 6N HCl (Optima grade).  
As the acid filtered through each column, each sample was dissolved in 400 μl 1N hydrogen 
bromide acid (HBr) (Seastar). Once the acid was completely filtered, the columns were then loaded 
with 200 μl of the sample solution. Once the sample solution filtered through the stem, the resin 
was washed three times with 1 ml 1N HBr (Seastar). New clean refluxed Teflon vials were placed 
under each column and the lead fraction was collected using 1ml 20% HNO3 (Optima grade). The 
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columns were cleaned using a flushing bottle of 4X H2O and then packed into a container of 6N 
HCl. The Teflon vials containing the lead solution were placed on a hot plate until the solution 
was evaporated.  
 
Mass Spectrometry 
The lead fractions were analyzed using the University of Florida, Department of Geological 
Science’s Nu Plasma Multi-Collector-Inductively Coupled-Mass Spectrometer (MC-ICP-MS). 
Each sample was dissolved with 2% HNO3 (Optima) and spiked with thallium (Tl) for mass-bias 
correction. The NBS 981 Pb isotopic standard solution was analyzed on the MC-ICP-MS prior to 
sample analysis and subsequently after to ensure proper calibration of the machine. Between each 
sample run, the machine’s uptake line was introduced to a prewash of 5% HNO3 and a wash of 2% 
HNO3. Each sample analysis produced high precision Pb isotopic ratios (
208Pb/204Pb, 207Pb/204Pb, 
206Pb/204Pb, 208Pb/206Pb, and 207Pb/206Pb). All reported data are relative to the following values for 
NBS 981: 206Pb/204Pb = 16.937 (±0.004, 2σ), 207Pb/204Pb = 15.491 (±0.004, 2σ), and 208Pb/204Pb = 
36.695 (±0.009, 2σ) (Kamenov and Curtis 2017). 
 
Data Analysis 
The output data for the lead isotope analysis were compiled in Excel spreadsheets with the 
strontium data previously published by Lustig (2013) and Row (2013) in addition to the lead and 
strontium data published by Font et al. (2015), Kamenov and Curtis (2017), and Regan (2006). 
IBM SPSS® Statistics 24 was used to complete the statistical analyses and create graphs. 
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Variation within the United States 
Because national borders tend to encompass diverse cultures and geological formations, 
which affect the distribution of isotope ratios, consideration is given to interregional variation 
within the United States. Although this dataset contains isotopic information for 29 U.S. states, 
only six states contain more than one sample: Massachusetts (n=20), New York (n=5), California 
(n=4), Colorado (n=3), Florida (n=3), and Arizona (n=2). A nonparametric Kruskal-Wallis test 
and a one-way analysis of variance (ANOVA) (Scheffe post hoc) were used to identify if there 
were any significant differences between the lead and strontium isotope values among these states. 
The Kruskal-Wallis test was used as a cautionary method because of the small sample sizes of 
each state and to identify any conflicting results with the one-way ANOVA. 
Six larger regional groups were formed based on geographical location and exploratory 
data analysis of the lead and strontium isotope ratios. Group 1 (n=30) includes twenty samples 
from Massachusetts. However, it also includes ten samples from the greater northeast part of the 
United States, such as Connecticut, Maine, New York, Pennsylvania, Vermont, and Washington, 
D.C. Group 2 (n=11) includes samples from the southeast: Alabama, Arkansas, Florida, Georgia, 
Kentucky, Mississippi, North Carolina, Tennessee, and Virginia. Group 3 (n=6) includes samples 
from the midwest: Illinois, Missouri, Michigan, Minnesota, Nebraska, and Ohio. Group 4 (n=4) 
includes samples from the Rocky Mountain region: Colorado and Idaho. Group 5 (n=4) includes 
samples from California. Group 6 (n=3) includes samples from the southwest: Arizona and Texas. 
Two samples are from the non-contiguous states of Hawaii and Alaska. Although the results are 
reported, the samples are excluded from this part of the data analysis due to their unique geographic 
location.  A nonparametric Kruskal-Wallis test and a one-way analysis of variance (Scheffe post 
hoc) were used to identify if there are any significant differences between the lead and strontium 
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isotope values among these regions. The Kruskal-Wallis test was used as a cautionary method 
because of the regions’ small sample sizes and to identify any conflicting results with the one-way 
analysis of variance.  
Bivariate scatterplots using the strontium and lead isotopes were subsequently created to 
visually depict any regional differences. To address fluctuations in leaded gasoline usage and 
therefore possible temporal variation in lead isotope distributions, a bivariate scatterplot depicting 
the 206Pb/204Pb isotope ratios and approximate birth years was also created. Additionally, after 
noticing a distinction between the northeast region of the United States from the rest of the United 
States, independent t-tests were used to compare the mean values of the strontium and lead isotopes 
between the northeast U.S. and the rest of the U.S. 
 
Variation outside of the United States 
Although this dataset contains isotopic information for 13 countries outside of the United 
States, only 9 countries contain more than one sample: Netherlands (n=23), Colombia (n=9), 
Bulgaria (n=8), Haiti (n=5), Cape Verde (n=3), Morocco (n=2), El Salvador (n=2), Guatemala 
(n=2), and Honduras (n=2). Four samples are from Jamaica, Dominican Republic, Albania, and 
the United Kingdom. Although the results are reported, the samples are excluded from this part of 
the data analysis due to their unique geographic location. A nonparametric Kruskal-Wallis test and 
a one-way analysis of variance (Scheffe post hoc) were used to identify if there are any significant 
differences between the lead and strontium isotopes values of these countries. The Kruskal-Wallis 
test was used as a cautionary method because of the small samples sizes and to identify any 
conflicting results with the one-way analysis of variance. Bivariate scatterplots using the strontium 
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and lead isotopes were subsequently created to visually depict any differences between the 
countries. 
 
U.S.-Born vs. Foreign-Born 
Independent t-tests were used to compare the mean strontium and lead isotope ratios of 
U.S.-born individuals with the mean isotope ratios of foreign-born individuals. Bivariate 
scatterplots using the strontium and lead isotope ratios were created to depict any regional 
differences. Samples that plotted in unexpected fields were identified to elucidate which regions 
of the world overlap in their isotopic values. Finally, a nonparametric Kruskal-Wallis test and a 
one-way analysis of variance (Scheffe post hoc) were used to identify if there are any significant 
differences among the lead and strontium isotope values of the nine foreign countries and six U.S. 
regions identified above.  
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CHAPTER FOUR: RESULTS 
 
Chapter Four reports the measured lead and strontium isotope ratios of the 120 modern 
human teeth used in this study. Chapter Four also reports the results of the statistical analyses and 
figures in four main sections: 1) Lead and Strontium Isotope Results; 2) Variation within the 
United States; 3) Variation outside the United States; and 4) U.S.-Born vs. Foreign-Born.  
 
Lead and Strontium Isotope Results 
Variation in the abundance of radiogenic isotopes to their associated non-radiogenic 
isotopes in biological and non-biological samples can be used to characterize distinct geographic 
regions, and this provides the basis for migration and provenance studies using isotopic analysis 
(Aggarwal et al. 2008, Schwarcz and Schoeninger 1991). To evaluate the efficacy of lead isotopes 
in multi-isotope analyses, these results identify the significant differences in the lead and strontium 
isotopes of 120 modern human teeth from various geographic regions. Organized by region, Table 
4.1 reports the measured lead and strontium isotope ratios of the 120 human teeth used in this 
study. The 87Sr/86Sr isotope ratios range from 0.70574 to 0.71185. The 208Pb/204Pb isotope ratios 
range from 37.404 to 38.617. The 207Pb/204Pb isotope ratios range from 15.549 to 15.675, and the 
206Pb/204Pb isotope ratios range from 17.622 to 19.049.  
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Variation within the United States 
 This study analyzes 60 samples of modern human teeth from individuals that were born in 
the United States between 1912 and 1994. The 87Sr/86Sr isotope ratios range from 0.70797 to 
0.71185. The 208Pb/204Pb isotope ratios range from 37.884 to 38.617. The 207Pb/204Pb isotope ratios 
range from 15.577 to 15.675, and the 206Pb/204Pb isotope ratios range from 18.112 to 19.049. As 
shown in Table 4.2, the nonparametric Kruskal-Wallis test identifies significant differences among 
the lead and strontium isotope distributions of the states California, Massachusetts, New York, 
Colorado, Florida, and Arizona. The results of the analysis of variance indicate significant 
differences among the mean isotope ratios: 87Sr/86Sr (F = 2.678; df = 5, 31; p = 0.04), 208Pb/204Pb 
(F = 5.707; df = 5, 31; p = 0.001), 207Pb/204Pb (F = 11.861; df = 5, 31; p < 0.001), and 206Pb/204Pb 
(F = 8.701; df = 5, 31; p < 0.001).   
The Scheffe post hoc reveals no significant differences between the 87Sr/86Sr isotope ratios 
of any states. The distribution of the 87Sr/86Sr values for each of these states can be seen in the 
boxplot of Figure 4.1. The Scheffe post hoc reveals that individuals from New York have 
significantly lower 208Pb/204Pb values than individuals from Colorado (p = 0.04), Florida (p 
=0.013), and Arizona (p = 0.035). Individuals from Massachusetts have significantly lower 
207Pb/204Pb values than individuals from Colorado (p = 0.031), Florida (p = 0.012), and Arizona (p 
= 0.034). Individuals from New York have significantly lower 207Pb/204Pb values than people from 
California (p = 0.011), Colorado (p = 0.002), Florida (p = 0.001), and Arizona (p = 0.034). Finally, 
individuals from New York have significantly lower 206Pb/204Pb values than people from 
California (p = 0.047), Colorado (p = 0.006), Florida (p = 0.002), and Arizona (p = 0.018).  
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Table 4.2 A nonparametric Kruskal-Wallis test identifies significant differences among the lead 
and strontium isotope distributions of U.S. States: CA, MA, NY, CO, FL, AZ. 
Independent Samples Kruskal-Wallis Test 
Null Hypothesis Sig. Decision 
The distribution of 87Sr/86Sr is the same across 
categories of State Residency 
0.045 Reject 
The distribution of 208Pb/204Pb is the same 
across categories of State Residency 
0.004 Reject 
The distribution of 207Pb/204Pb is the same 
across categories of State Residency 
0.000 Reject 
The distribution of 206Pb/204Pb is the same 
across categories of State Residency 
0.001 Reject 
 
 
Figure 4.1. Boxplot depicting the distribution of the 87Sr/86Sr values for Arizona, 
California, Colorado, Florida, Massachusetts, and New York 
42 
 
Six U.S. regional groups were formed based on geographical location and exploratory data 
analysis of the lead and strontium isotope ratios: northeast U.S., southeast U.S., midwest U.S., 
Rocky Mountains, California, and southwest U.S. As shown in Table 4.3, the nonparametric 
Kruskal-Wallis test identifies significant differences among the lead and strontium isotope 
distributions of the U.S. regions. The results of the analysis of variance indicate significant 
differences among the mean isotope ratios: 87Sr/86Sr (F = 5.180; df = 5, 52; p = 0.001), 208Pb/204Pb 
(F = 9.051; df = 5, 52; p < 0.001), 207Pb/204Pb (F = 15.074; df = 5, 52; p < 0.001), and 206Pb/204Pb 
(F = 12.686; df = 5, 52; p < 0.001).  
 
Table 4.3. A nonparametric Kruskal-Wallis test identifies significant differences among the lead 
and strontium isotope distributions of U.S. Regions: northeast U.S., southeast U.S., midwest U.S., 
Rocky Mountains, California, and southwest U.S. 
Independent Samples Kruskal-Wallis Test 
Null Hypothesis Sig. Decision 
The distribution of 87Sr/86Sr is the same across 
categories of U.S. Region 
0.001 Reject 
The distribution of 208Pb/204Pb is the same 
across categories of U.S. Region 
0.000 Reject 
The distribution of 207Pb/204Pb is the same 
across categories of U.S. Region 
0.000 Reject 
The distribution of 206Pb/204Pb is the same 
across categories of U.S. Region 
0.000 Reject 
 
 
The Scheffe post hoc indicates that individuals from the northeast U.S. have significantly 
higher 87Sr/86Sr values than individuals from California (p = 0.020) and the southeast U.S. (p = 
0.042). Individuals from the northeast U.S. have significantly lower 208Pb/204Pb values than 
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individuals from the midwest U.S. (p < 0.001) and the southeast U.S. (p = 0.004). Individuals from 
the northeast U.S. have significantly lower 207Pb/204Pb values than individuals from the midwest 
U.S. (p < 0.001) and the southeast U.S. (p < 0.001). Finally, individuals in the northeast U.S. have 
significantly lower 206Pb/204Pb values than individuals from the midwest U.S. (p < 0.001) and the 
southeast U.S. (p < 0.001).  Figure 4.2, Figure 4.3, and Figure 4.4 depict this regional variation of 
lead and strontium isotope ratios using traditional bivariate scatterplots. Figure 4.5 and Figure 4.6 
depict the regional variation of lead isotope ratios using scatterplots. Figure 4.7 depicts the 
distribution of the 206Pb/204Pb isotope ratios between the years 1900 and 2000. 
Figure 4.2. Scatterplot depicting the distribution of 208Pb/204Pb vs. 87Sr/86Sr for six U.S. regions. 
44 
 
 
 
 
 
  
Figure 4.3. Scatterplot depicting the distribution of 207Pb/204Pb vs. 87Sr/86Sr for six U.S. regions. 
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Figure 4.4. Scatterplot depicting the distribution of 206Pb/204Pb vs. 87Sr/86Sr for six U.S. regions. 
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Figure 4.5. Scatterplot depicting the distribution of 208Pb/204Pb vs. 206Pb/204Pb for six U.S. regions.  
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Figure 4.6. Scatterplot depicting the distribution of 207Pb/204Pb vs. 206Pb/204Pb for six U.S. 
regions. 
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Figure 4.7. Scatterplot depicting the distribution of 206Pb/204Pb vs Estimated Birth Year 
for U.S.-born individuals. 
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Independent t-tests were used to compare the mean values of the strontium and lead 
isotopes between the northeast U.S. and the rest of the U.S. Results of the independent t-tests reject 
the null hypotheses that the mean strontium and lead isotope ratios of individuals born in the 
northeast U.S. are similar to the mean isotope ratios of individuals born in disparate regions of the 
U.S. On average, individuals from the northeast have higher 87Sr/86Sr values (M = 0.7102, SE = 
0.0001) than individuals from disparate regions (M = 0.7095, SE = 0.0001). This difference is 
significant and represents a strong sized effect, t(56) = -3.939, p < 0.001,  Cohen’s d = 1.04. 
Individuals from the northeast have lower 208Pb/204Pb values (M = 38.1862, SE = 0.0253) than 
individuals from disparate regions (M = 38.3684, SE = 0.0179). This difference is significant and 
represents a strong sized effect, t(51.516) = 5.878, p < 0.001,  Cohen’s d = 1.53. Individuals from 
the northeast have lower 207Pb/204Pb values (M = 15.6102, SE = 0.0029) than individuals from 
disparate regions (M = 15.6419, SE = 0.0027). This difference is significant and represents a strong 
sized effect, t(56) = 8.043, p < 0.001, Cohen’s d = 2.12.  Finally, individuals from the northeast 
U.S. also have lower 206Pb/204Pb values (M = 18.4701, SE = 0.0278) than individuals from 
disparate regions (M = 18.7472, SE = 0.0271). This difference is significant and represents a strong 
sized effect, t(56) = 7.129, p < 0.001, Cohen’s d = 1.88. Table 4.4 provides the results for the 
independent t-tests of the mean strontium and lead isotope ratios between individuals from the 
northeast U.S. and individuals from disparate regions of the U.S. 
 
Variation outside of the United States  
This study analyzed 60 samples of modern human teeth from individuals that were born 
outside of the United States between 1923 and 1992. The 87Sr/86Sr isotope ratios range from 
0.70574 to 0.71043. The 208Pb/204Pb isotope ratios range from 37.404 to 38.611.   
5
0
 
      T
a
b
le
 4
.4
. 
In
d
ep
en
d
en
t 
t-
te
st
s 
o
f 
th
e 
st
ro
n
ti
u
m
 a
n
d
 l
ea
d
 i
so
to
p
e 
ra
ti
o
s 
b
et
w
ee
n
 i
n
d
iv
id
u
al
s 
fr
o
m
 t
h
e 
n
o
rt
h
ea
st
 U
.S
. 
an
d
 i
n
d
iv
id
u
al
s 
fr
o
m
 d
is
p
ar
at
e 
re
g
io
n
s 
o
f 
th
e 
U
.S
. 
In
d
ep
e
n
d
e
n
t 
S
a
m
p
le
s 
t-
te
st
 
 
 
L
ev
en
e’
s 
T
es
t 
fo
r 
E
q
u
al
it
y
 o
f 
V
ar
ia
n
ce
 
  
t-
te
st
 f
o
r 
E
q
u
al
it
y
 o
f 
M
ea
n
s 
 
E
q
u
al
 
V
ar
ia
n
ce
 
F
 
S
ig
. 
t 
d
f 
S
ig
. 
 
(2
-t
ai
le
d
) 
M
ea
n
 
D
if
fe
re
n
ce
 
S
td
. 
E
rr
o
r 
D
if
fe
re
n
ce
 
9
5
%
 C
o
n
fi
d
e
n
ce
 I
n
te
rv
al
 o
f 
th
e 
D
if
fe
re
n
ce
 
L
o
w
er
 
U
p
p
er
 
8
7
S
r/
8
6
S
r 
A
ss
u
m
ed
 
0
.2
9
6
 
0
.5
8
9
 
-3
.9
3
9
 
5
6
.0
0
0
 
0
.0
0
0
 
-0
.0
0
0
7
0
 
0
.0
0
0
1
8
 
-0
.0
0
1
0
6
 
-0
.0
0
0
3
5
 
 
N
o
t 
as
su
m
ed
 
 
 
-3
.9
6
3
 
5
5
.4
2
9
 
0
.0
0
0
 
-0
.0
0
0
7
0
 
0
.0
0
0
1
8
 
-0
.0
0
1
0
6
 
-0
.0
0
0
3
5
 
2
0
8
P
b
/2
0
4
P
b
 
A
ss
u
m
ed
 
4
.5
3
9
 
0
.0
3
8
 
5
.8
0
4
 
5
6
.0
0
0
 
0
.0
0
0
 
0
.1
8
2
1
9
 
0
.0
3
1
3
9
 
0
.1
1
9
3
0
 
0
.2
4
5
0
7
 
 
N
o
t 
as
su
m
ed
 
 
 
5
.8
7
8
 
5
1
.5
1
6
 
0
.0
0
0
 
0
.1
8
2
1
9
 
0
.0
3
1
0
0
 
0
.1
1
9
9
8
 
0
.2
4
4
4
0
 
2
0
7
P
b
/2
0
4
P
b
 
A
ss
u
m
ed
 
0
.0
1
0
 
0
.9
2
2
 
8
.0
4
3
 
5
6
.0
0
0
 
0
.0
0
0
 
0
.0
3
1
6
8
 
0
.0
0
3
9
4
 
0
.0
2
3
7
9
 
0
.0
3
9
5
7
 
 
N
o
t 
as
su
m
ed
 
 
 
8
.0
7
3
 
5
5
.9
2
8
 
0
.0
0
0
 
0
.0
3
1
6
8
 
0
.0
0
3
9
2
 
0
.0
2
3
8
2
 
0
.0
3
9
5
4
 
2
0
6
P
b
/2
0
4
P
b
 
A
ss
u
m
ed
 
0
.0
9
4
 
0
.7
6
0
 
7
.1
2
9
 
5
6
.0
0
0
 
0
.0
0
0
 
0
.2
7
7
0
6
 
0
.0
3
8
8
6
 
0
.1
9
9
2
0
 
0
.3
5
4
9
1
 
 
N
o
t 
as
su
m
ed
 
 
 
7
.1
4
4
 
5
5
.9
9
5
 
0
.0
0
0
 
0
.2
7
7
0
6
 
0
.0
3
8
7
8
 
0
.1
9
9
3
6
 
0
.3
5
4
7
5
 
 
51 
 
  The 207Pb/204Pb isotope ratios range from 15.549 to 15.667, and the 206Pb/204Pb isotope 
ratios range from 17.622 to 18.926. As shown in Table 4.5, the nonparametric Kruskal-Wallis test 
identifies significant differences among the lead and strontium isotope distributions of the 
countries Bulgaria, Cape Verde, Colombia, El Salvador, Guatemala, Haiti, Honduras, Morocco, 
and the Netherlands. The results of the analysis of variance indicate significant differences among 
the mean isotope ratios: 87Sr/86Sr (F = 8.425; df=8, 47; p < 0.001) 208Pb/204Pb (F = 37.391; df=8, 
47; p < 0.001), 207Pb/204Pb (F = 9.998; df=8, 47; p < 0.001), and 206Pb/204Pb (F = 32.996; df=8, 47; 
p < 0.001). 
 
Table 4.5. A nonparametric Kruskal-Wallis test identifies significant differences among the lead 
and strontium isotope distributions of the countries Bulgaria, Cape Verde, Haiti, El Salvador, 
Guatemala, Honduras, Colombia, Morocco, and the Netherlands. 
Independent Samples Kruskal-Wallis Test 
Null Hypothesis Sig. Decision 
The distribution of 87Sr/86Sr is the same across 
categories of Foreign Countries 
0.000 Reject 
The distribution of 208Pb/204Pb is the same 
across categories of Foreign Countries 
0.000 Reject 
The distribution of 207Pb/204Pb is the same 
across categories of Foreign Countries 
0.000 Reject 
The distribution of 206Pb/204Pb is the same 
across categories of Foreign Countries 
0.000 Reject 
 
 
The Scheffe post hoc found that individuals from Guatemala have significantly lower 
87Sr/86Sr values than individuals from Morocco (p = 0.013) and the Netherlands (p = 0.001). 
Individuals from Colombia have significantly lower 87Sr/86Sr values than individuals from the 
Netherlands as well (p = 0.001). According to the Scheffe post hoc, individuals from Haiti have 
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significantly lower 208Pb/204Pb values than individuals from Bulgaria (p < 0.001), El Salvador (p 
= 0.001), Honduras (p = 0.37), and Colombia (p < 0.001). Individuals from Cape Verde have 
significantly lower 208Pb/204Pb values than individuals from Bulgaria (p < 0.001), El Salvador (p 
< 0.001), Honduras (p = 0.001), Guatemala (p = 0.010), Colombia (p < 0.001), and Morocco (p = 
0.002). Individuals from the Netherlands also have significantly lower 208Pb/204Pb values than 
Bulgaria (p < 0.001), El Salvador (p < 0.001), Honduras (p = 0.007), Colombia (p < 0.001), and 
Morocco (p = 0.027).  
Individuals from Cape Verde have significantly lower 207Pb/204Pb values than individuals 
from Bulgaria (p < 0.001), El Salvador (p = 0.002), Colombia (p = 0.002), and Morocco (p = 
0.045). Individuals from Haiti have significantly lower 207Pb/204Pb values than individuals from 
Bulgaria (p = 0.009), El Salvador (p = 0.026), and Colombia (p = 0.030).  Individuals from the 
Netherlands also have lower 207Pb/204Pb than individuals from Bulgaria (p = 0.008) and Colombia 
(p = 0.039). Individuals from Cape Verde have significantly lower 206Pb/204Pb values than 
individuals from Bulgaria (p < 0.001), El Salvador (p < 0.001), Honduras (p < 0.001), Guatemala 
(p = 0.001), and Colombia (p < 0.001). Individuals from Haiti have significantly lower 206Pb/204Pb 
values than individuals from El Salvador (p < 0.001), Honduras (p = 0.006), and Colombia (p = 
0.011). Individuals from the Netherlands have significantly lower 206Pb/204Pb values than 
individuals from Bulgaria (p < 0.001), El Salvador (p < 0.001), Honduras (p < 0.001), Guatemala 
(p = 0.008), and Colombia (p < 0.001). Finally, individuals from El Salvador have significantly 
higher 206Pb/204Pb than individuals from Morocco (p = 0.029). 
Figure 4.8, Figure 4.9, and Figure 4.10 depict the regional variation of lead and strontium 
isotope ratios of foreign-born individuals using bivariate scatterplots. The scatterplots in Figure 
4.11 and Figure 4.12 depict the regional variation of the lead isotope ratios.  
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Figure 4.8. Scatterplot depicting the distribution of 208Pb/204Pb vs. 87Sr/86Sr for 13 foreign 
countries. 
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Figure 4.9. Scatterplot depicting the distribution of 207Pb/204Pb vs. 87Sr/86Sr for 13 
foreign countries. 
55 
 
 
  
Figure 4.10. Scatterplot depicting the distribution of 206Pb/204Pb vs. 87Sr/86Sr for 13 
foreign countries. 
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Figure 4.11. Scatterplot depicting the distribution of 208Pb/204Pb vs. 206Pb/204Pb for 13 foreign 
countries. 
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Figure 4.12. Scatterplot depicting the distribution of 207Pb/204Pb vs. 206Pb/204Pb for 13 foreign 
countries. 
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U.S.-Born vs. Foreign-Born 
Results of the independent t-tests reject the null hypotheses that the mean strontium and 
lead isotope ratios of U.S.-born individuals are statistically similar to the mean isotope ratios of 
foreign-born individuals. On average, U.S.-born individuals have higher 87Sr/86Sr values (M = 
0.7098, SE = 0.0001) than foreign-born individuals (M = 0.7086, SE = 0.0001). This difference is 
significant and represents a strong sized effect, t(108.314) = 6.943, p < 0.001,  Cohen’s d = 1.27.  
U.S.-born individuals have higher 208Pb/204Pb values (M = 38.2731, SE = 0.019) than foreign-born 
individuals (M = 38.0851, SE = 0.0355). This difference is significant and represents a strong sized 
effect, t(90.283) = 4.662, p < 0.001,  Cohen’s d = 0.85. U.S.-born individuals have higher 
207Pb/204Pb values (M = 15.6256, SE = 0.0036) than foreign-born individuals (M = 15.6096, SE = 
0.003). This difference is significant and represents a moderate sized effect, t(118) = 3.955, p < 
0.001, Cohen’s d = 0.72. Finally, U.S.-born individuals also have higher 206Pb/204Pb values (M = 
18.6037, SE = 0.0257) than foreign-born individuals (M = 18.2071, SE = 0.0351). This difference 
is significant and represents a strong sized effect, t(108.152) = 9.115, p < 0.001, Cohen’s d = 1.66. 
Table 4.6 provides the results for the independent t-tests of the strontium and lead isotope ratios 
between U.S.-born and foreign-born individuals.  
The bivariate scatterplot in Figure 4.13 shows the distribution of U.S.-born and foreign-
born individuals in the 208Pb/204Pb vs. 87Sr/86Sr space. AL03, AL31, AL06, AL29, KR18 and KR53 
are among the foreign-born individuals that overlap into the U.S.-born space with relatively higher 
87Sr/86Sr and 208Pb/204Pb isotope ratios.  AL03 represents a woman from El Salvador born in 1983. 
AL31 represents a woman from Honduras born in 1989. 
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AL06 and AL29 represent two men from Morocco born in 1981 and 1980, respectively.  
KR18 and KR53 represent men from Antioquia, Colombia born in 1952 and 1968, respectively. 
AFA-063, AFA-086, AFA-111, AFA-173, AL02, and AL21 are among the U.S.-born individuals 
that overlap into the foreign-born space. AFA-063 represents a man from Alaska born in 1984, 
and AFA-086 represents a man from Hawaii born in 1982. Two individuals, AFA-111 and AFA-
173, are from California, and both were born in 1984. AL02 represents a woman from New York 
born in 1989. AL21 represents a man from Massachusetts born in 1990.  
Figure 4.13. Scatterplot depicting the distribution of 208Pb/204Pb vs. 87Sr/86Sr for U.S. and 
foreign regions. 
- 
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Figure 4.14 displays a bivariate scatterplot that shows the distribution of U.S.-born and 
foreign-born individuals in the 206Pb/204Pb vs. 87Sr/86Sr space. AL03 and KR53 reappear among 
the foreign-born individuals that overlap into the U.S.-born field space, and AFA-063, AFA-086, 
AFA-111, AFA-173, AL02, and AL21 reappear as U.S.-born individuals that overlap into the 
foreign-born space.  
 
 
 
Figure 4.14. Scatterplot depicting the distribution of 206Pb/204Pb vs. 87Sr/86Sr for U.S. and 
foreign regions. 
- 
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Figure 4.15 displays a bivariate scatterplot that shows the distribution of U.S.-born and 
foreign-born individuals in the 208Pb/204Pb vs. 206Pb/204Pb space. However, 11 individuals 
considered foreign-born appear to overlap in the U.S.-born field. These include AL03, AL09, 
AL26, AL36, AL22, AL31, KR43, KR54, AL16, AL27, and AL30. AL03 and AL09 represent 
individuals from El Salvador that were born in 1983 and 1958 respectively. AL26 and AL36 
represent individuals from Guatemala that were born in 1969 and 1975 respectively. AL22 and 
AL31 represent women from Honduras; only AL31 reported a birth year of 1989. KR43 and KR54 
represent individuals born in Antioquia, Colombia in 1964 and 1931 respectively. Three 
individuals – AL16, AL27, and AL30 – were born in Haiti. AL16 has an estimated birth year of 
1973 and AL27 has an estimated birth year of 1958.   
Finally, Figure 4.16 displays a bivariate scatterplot that shows the distribution of U.S.-born 
and foreign-born individuals in the 207Pb/204Pb vs. 206Pb/204Pb space. Once again, AL03, AL09, 
AL26, AL36, AL22, AL31, KR43, KR54, AL16, and AL30 overlap in the U.S.-born field. KR32 
and KR35 also trend closer to U.S. data, representing two men born in Antioquia, Colombia in 
1970.  
As shown in Table 4.7, a nonparametric Kruskal-Wallis test identifies significant 
differences among the lead and strontium isotope ratio distributions of the nine foreign countries 
and six U.S. regions previously described. The results of the analysis of variance indicate 
significant differences among the mean isotope ratios: 87Sr/86Sr (F = 13.713; df=14, 99; p < 0.001) 
208Pb/204Pb (F = 26.415; df=14, 99; p < 0.001), 207Pb/204Pb (F = 12.874; df=14, 99; p < 0.001), and 
206Pb/204Pb (F = 36.458; df=14, 99; p < 0.001). Reported below are the significant differences 
found between U.S.-born and foreign-born individuals. 
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Figure 4.15. Scatterplot depicting the distribution of 208Pb/204Pb vs. 206Pb/204Pb for U.S. and 
foreign regions. 
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Figure 4.16. Scatterplot depicting the distribution of 207Pb/204Pb vs. 206Pb/204Pb for U.S. and 
foreign regions. 
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Table 4.7. A nonparametric Kruskal-Wallis test identifies significant differences among the lead 
and strontium isotope distributions of nine foreign countries and six U.S. regions 
Independent Samples Kruskal-Wallis Test 
Null Hypothesis Sig. Decision 
The distribution of 87Sr/86Sr is the same across 
categories of U.S.-Born and Foreign-Born 
0.000 Reject 
The distribution of 208Pb/204Pb is the same across 
categories of U.S.-Born and Foreign-Born 
0.000 Reject 
The distribution of 207Pb/204Pb is the same across 
categories of U.S.-Born and Foreign-Born 
0.000 Reject 
The distribution of 206Pb/204Pb is the same across 
categories of U.S.-Born and Foreign-Born 
0.000 Reject 
 
According to the Scheffe post hoc, individuals from the midwest U.S. have significantly 
higher 87Sr/86Sr values than individuals from Guatemala (p = 0.002) and Colombia (p = 0.016). 
Individuals from the Rocky Mountain region of the U.S. have significantly higher 87Sr/86Sr values 
than individuals from Guatemala (p < 0.001) and Colombia (p = 0.004). Individuals from the 
southeast U.S. also have significantly higher 87Sr/86Sr values than individuals from Guatemala (p 
= 0.003) and Colombia (p = 0.014). Individuals from the southwest U.S. have significantly higher 
87Sr/86Sr values than individuals from Guatemala (p = 0.028). Individuals from the northeast U.S. 
have significantly higher 87Sr/86Sr values than individuals from Bulgaria (p = 0.005), Cape Verde 
(p = 0.022), Haiti (p = 0.027), El Salvador (p = 0.036), Guatemala (p < 0.001), and Colombia (p < 
0.001).  
Individuals from California and the west coast have significantly higher 208Pb/204Pb values 
than individuals from Cape Verde (p = 0.003) and the Netherlands (p = 0.008). Individuals from 
the midwest U.S. have significantly higher 208Pb/204Pb values than individuals from Cape Verde 
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(p < 0.001), Haiti (p < 0.001), and the Netherlands (p < 0.001).  Individuals from the Rocky 
Mountain region of the U.S. have significantly higher 208Pb/204Pb values than individuals from 
Cape Verde (p < 0.001), Haiti (p = 0.036), and the Netherlands (p = 0.001). Individuals from the 
southeast U.S. have significantly higher 208Pb/204Pb values than individuals from Cape Verde (p < 
0.001), Haiti (p < 0.001), and the Netherlands (p < 0.001). Individuals from the southwest U.S. 
also have significantly higher 208Pb/204Pb values than individuals from Cape Verde (p < 0.001), 
Haiti (p = 0.008), and the Netherlands (p < 0.001). Meanwhile, individuals from the northeast U.S. 
have significantly lower 208Pb/204Pb values than individuals from Bulgaria (p < 0.001) and 
significantly higher 208Pb/204Pb values than individuals from Cape Verde (p = 0.001) and the 
Netherlands (p < 0.001).  
Individuals from the midwest U.S. have significantly higher 207Pb/204Pb values than 
individuals from Cape Verde (p < 0.001), Haiti (p < 0.001), and the Netherlands (p < 0.001). 
Individuals from the Rocky Mountain region of the U.S. have significantly higher 207Pb/204Pb 
values than individuals from Cape Verde (p = 0.011). Individuals from the southeast U.S. have 
significantly higher 207Pb/204Pb values than individuals from Cape Verde (p < 0.001), Haiti (p = 
0.001), and the Netherlands (p < 0.001). Individuals from the southwest U.S. have significantly 
higher 207Pb/204Pb values than individuals from Cape Verde (p = 0.012).  
Individuals from California and the west coast have significantly higher 206Pb/204Pb values 
than individuals from Cape Verde (p < 0.001), Haiti (p = 0.048), and the Netherlands (p < 0.001). 
Individuals from the midwest U.S. have significantly higher 206Pb/204Pb values than individuals 
from Bulgaria (p = 0.001), Cape Verde (p < 0.001), Haiti (p < 0.001), Colombia (p = 0.005), 
Morocco (p = 0.007), and the Netherlands (p < 0.001). Individuals from the Rocky Mountain 
region of the U.S. have significantly higher 206Pb/204Pb values than individuals from Cape Verde 
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(p < 0.001), Haiti (p = 0.004), and the Netherlands (p < 0.001). Individuals from the southeast U.S. 
have significantly higher 206Pb/204Pb values than individuals from Bulgaria (p = 0.011), Cape 
Verde (p < 0.001), Haiti (p < 0.001), and the Netherlands (p < 0.001). Individuals from the 
southwest U.S. have significantly higher 206Pb/204Pb values than individuals from Cape Verde (p 
< 0.001), Haiti (p = 0.008), and the Netherlands (p < 0.001). Individuals from the northeast U.S. 
have significantly higher 206Pb/204Pb values than individuals from Cape Verde (p < 0.001) and the 
Netherlands (p < 0.001).   
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CHAPTER FIVE: DISCUSSION 
  
Chapter Five analyzes the results in two main sections: 1) Regional Variation on Earth, and 
2) Intraregional Variation in the United States. The purpose of this discussion is to assess the 
georeferencing potential of lead isotopes and explain the natural and anthropogenic variation that 
may produce regional differences. Additionally, Chapter Five identifies scenarios where lead and 
strontium isotopes can be pivotal in multi-isotopic investigations of unidentified human remains. 
 
Regional Variation on Earth 
The results of this thesis identify discernable differences in the lead isotopes incorporated 
into the tooth enamel of U.S.-born and foreign-born individuals due to variation in the natural and 
anthropogenic sources of lead. However, the results do not support the observations made by 
Kamenov and Gulson (2014) that lead isotopes alone can be used to discern individuals from the 
U.S. from any region in the world. Fortunately, strontium isotopes are particularly valuable for 
determining region of origin when lead isotopes are inconclusive, providing support for multi-
isotopic investigations of unidentified human remains. 
Although each of the independent t-tests reject the null hypotheses that the strontium and 
lead isotope ratios of U.S.-born and foreign-born individuals are the same, caution should be 
exercised when inferring information from a single isotope system. There is a large amount of 
overlap in the ranges of strontium and lead isotope ratios for U.S.-born and foreign-born 
individuals, which make it difficult to estimate local versus foreign origin if only one of the isotope 
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ratios is considered. Bivariate scatterplots using the strontium and lead isotope ratios reduce this 
overlap in which U.S.-born individuals can be more easily distinguished from foreign-born 
individuals, particularly in the 208Pb/204Pb vs. 87Sr/86Sr or the 208Pb/204Pb vs. 206Pb/204Pb field space.  
 Of the six U.S.-born individuals that overlap into the foreign-born field of the lead versus 
strontium scatterplots, at least three are considered possible outliers. The distinction of AFA-063 
and AFA-086 from the U.S.-born field may be attributed to the fact that these individuals are from 
the noncontiguous U.S. states Alaska and Hawaii: Hawaii encompasses several Pacific Islands, 
and Alaska comprises the most northwestern part of North America. AL21 is another possible 
outlier: a review of this individual’s demographic information reveals that he moved to Haiti 
before the age of 12. This distinction is important because the isotopic ratios of his teeth are 
reflecting a foreign isotopic signature, falling within the “Caribbean” range as shown in Figure 
4.13. Longitudinal analyses using different teeth, bone, and hair may have revealed this 
individual’s migration to Haiti and subsequent return to the United States (e.g. Kamenov et al. 
2014). Examples such as this show why it is important to remember that isotopic analyses can only 
reveal information about an individual’s local environment during the development of biological 
tissues and it should certainly not be used to assign citizenship to individuals. 
The additional three U.S.-born individuals that overlap into the foreign-born field of the 
lead versus strontium scatterplots include AFA-111, AFA-173, and AL02. The samples of AFA-
111 and AFA-173 represent individuals from California with generally lower strontium isotope 
ratios. However, results indicate that the strontium isotope ratios of individuals from California 
are not significantly different from other regions in the U.S., with the exception of the northeast. 
AL02 represents an individual from New York with generally lower strontium and lead isotope 
ratios. However, AL02 falls within the trend line of U.S. lead isotope ratios. Consequently, there 
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is no reason to suggest AFA-111, AFA-173, and AL02 are outliers in the U.S. sample set. Thus, 
these samples should be considered part of the normal variation of lead and strontium isotope ratios 
of U.S. individuals.  
The lead isotope ratios of individuals from Guatemala, Honduras, and El Salvador overlap 
substantially with the lead isotope ratios of individuals from the U.S., making the distinction of 
these individuals impossible using lead isotopes alone. This is likely explained by the underlying 
geology and anthropogenic activity in Central America. Archaeological and modern studies have 
shown that the lead isotope ratios of Central American environmental samples tend to be 
radiogenic with 206Pb/204Pb ratios greater than 18.5 (Feigenson et al. 2004; Sharpe et al. 2016 and 
references therein). Additionally, leaded gasoline and industrial emissions sourced from the Met-
Mex lead smelter in Torreón, Mexico significantly altered the bioavailable lead in the region with 
206Pb/204Pb ratios around 18.7 (Soto-Jiménez and Flegal 2011).  
The lead isotope ratios of individuals from Jamaica, Dominican Republic, and Haiti trend 
between Europe and the northeast U.S. with moderate overlap. This mixed signal may be 
attributable to the importation of lead-containing products from the U.S. and Europe, such as lead 
paint, but may also be related to leaded gasoline usage (Forde et al. 2014; Kamenov and Gulson 
2014).  Further investigation of modern lead pathways into the human body should be explored in 
this region. Interestingly, the lead isotope ratios of Colombian individuals trend between the lead 
isotope ratios of Bulgarian and the U.S.- born individuals with little overlap. This was relatively 
unexpected as South American individuals generally have comparable lead isotopes to Europeans 
due to similar use of gasoline lead additives (Kamenov and Gulson 2014). If further research 
reveals similar trends, this data may be useful for georeferencing individuals from this region of 
South America.  
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Corroborating the research of Kamenov and Gulson (2014), European and American 
individuals can be easily distinguished using lead isotopes alone. Overall, the results indicate lead 
isotopes are useful determining U.S. versus foreign-origin in several situations but may be 
particularly useful for identifying first generation European migrants in the U.S. and vice versa. 
The overlap of lead isotope values in U.S.-born and Central American-born individuals make 
distinguishing these populations impossible with lead isotopes. This is relatively discouraging as 
it was hopeful this data would be applicable to the problem of migrant deaths in border states, 
where a large portion of migrants come from Mexico, El Salvador, Guatemala, and Honduras 
(Reineke and Martínez 2014). Fortunately, strontium isotopes play a pivotal role in the 
discrimination of Central American, Caribbean, and Colombian samples from the U.S. samples 
when combined with lead isotopes. These populations have significantly lower strontium isotope 
ratios than U.S. populations and can be easily distinguished using strontium and lead bivariate 
scatterplots. Ultimately the addition of strontium isotope analysis may provide a useful indicator 
for region of origin where lead isotope analyses are inconclusive.   
 
Intraregional Variation in the U.S. 
 The results of this thesis identify detectable differences in the lead and strontium isotope 
ratios of U.S.-born individuals based on state/region. This can be attributed to the natural and 
anthropogenic variation in these isotopes across regions on Earth, and consequently, the data from 
this research may be useful for georeferencing individuals in the U.S. This contrasts with the 
analysis of Regan (2006), which found negligible variation in the lead and strontium isotope ratios 
of U.S.-born individuals. 
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Consideration is first given to finer spatial scales using state boundaries. However, the 
sample sizes are small and limited in their utility. No significant differences were found among 
the strontium isotope ratios of the U.S. states Arizona, California, Colorado, Florida, 
Massachusetts, and New York. While this may be attributable to small samples sizes, it is also 
possible that strontium isotope ratios cannot be used to determine region of origin within the U.S. 
due to the increased global exchange of food and water resources (Keller et al. 2016). The results 
do show that the lead isotope values of individuals from New York and Massachusetts trend 
significantly lower than the individuals from California, Colorado, Florida, and Arizona. However, 
the isotopic ratios in this study likely do not characterize the entire range of isotopic ratios in each 
of these states and will be limited in their use for human provenance. Similar research in the future 
would benefit from using a large number of individuals and finer spatial scales.  
Further analysis using six U.S regional groups indicate that individuals from the northeast 
U.S. have significantly lower lead isotope values and significantly higher strontium isotope values 
than individuals from the rest of the U.S. This trend is readily apparent using bivariate scatterplots, 
particularly in the 208Pb/204Pb vs. 87Sr/86Sr or the 208Pb/204Pb vs. 206Pb/204Pb field space. The higher 
strontium isotope values of individuals from the northeast likely reflect the older, Paleozoic and 
Proterozoic geological formations in the region (Lustig 2013; Voerkelius et al. 2010). In the U.S., 
use of leaded gasoline sourced from the radiogenic MVT deposits began in the 1920s, peaked in 
the 1970s, and was phased out in the early 1990s (Kamenov and Gulson 2014; Mielke et al. 2010). 
Consequently, individuals born prior to 1970 may have less radiogenic isotope ratios and may 
explain the distinction of individuals from the northeast U.S. in this sample set. To account for 
temporal variation in leaded gasoline usage and, consequently, temporal variation in bioavailable 
lead, a bivariate scatterplot depicting the distribution of the 206Pb/204Pb isotope ratios and birth 
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years of U.S. individuals was created (Figure 4.7). Although there is little data between 1960 and 
1980, the distribution of the 206Pb/204Pb isotope ratios of individuals from the northeast stayed 
approximately the same throughout the 20th century. This suggests that the individuals from the 
northeast U.S. are reflecting the isotopic ratios of commonly-used point sources, such as lead pipes 
or paint (Kamenov, personal communication).  
Further research reveals that homes built prior to 1986 are more likely to have lead pipes 
or lead-soldered joints, particularly in homes built in the northeast and midwest U.S. (Cornwell et 
al. 2016). Although efforts have been made to replace lead-containing service lines (LSLs), recent 
surveys sponsored by the American Water Works Association estimate that 6.1 million LSLs serve 
approximately five to eight percent of the national population (Cornwell et al. 2016). Meanwhile, 
a survey conducted by Jacobs et al. (2002) estimates that 25 percent (up to 24 million) of the 
nation’s housing still have significant lead hazards, such as deteriorated paint, dust lead, or bare 
soil lead, with twice the prevalence in the northeast and midwest U.S. Even after the ban in 1978, 
estimates on the number of houses containing lead-based paint only fell from 64 million in 1990 
to 38 million in 2000 (Jacobs et al. 2002).  
It is interesting that individuals from the midwest U.S. do not reflect similar lead isotope 
values to individuals from the northeast due to similar exposure to point sources. However, 
individuals from the midwest U.S. are also showing some of the most radiogenic lead isotope ratios 
in the U.S. data. This is possibly associated with the location and proximity of the MVT deposits 
in this region, which are commonly used for lead production in the U.S.: three major metal districts 
lie within the midwest, including the states of Missouri, Wisconsin, Illinois, Oklahoma, and 
Kansas (Sangster 2000). Aside from the obvious health concerns regarding lead’s toxicity, the 
widespread use of and manufacturing of lead products during the 20th century warrants further 
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research on regional lead sources and pathways into the human body, which could yield important 
information for human provenance studies (e.g. Kamenov 2008).  
Keller and co-authors (2016) developed a series of 19th and 20th century isoscapes for the 
contiguous United States using the 206Pb/207Pb isotope ratios of modern tooth enamel and 
environmental data for sediments, peat bogs, and tree rings. Their evaluation of the 20th century 
isoscapes using Regan’s (2006) USAFA cadet data indicate that the anthropogenic sediment record 
may be a useful proxy for the lead isotope ratios measured in human skeletal tissues. These 
isoscapes depict significant homogenization of the lead topography across the U.S. during the 20th 
century, likely associated with multiple-source mixing and recycling of lead (Sangster et al. 2000). 
Keller and co-authors (2016) point out, however, that these isoscapes do not account for human 
exposure to point sources, such as lead pipes or paint. The results of this thesis and the limitations 
of isoscapes developed from environmental data reaffirms that isotopic reference data should be 
developed using modern skeletal material with known origin.   
Overall, the results found limited intra-regional variation within the United States: only the 
northeast U.S. is readily discernable from the rest of the U.S. using a multi-isotopic approach with 
lead and strontium isotopes. Possibly due to small sample sizes, no additional trends were found. 
However, these results are still encouraging as they indicate that lead and strontium isotope 
signatures across the United States have not completely homogenized due to effects of modern 
anthropogenic activity. The U.S. lead and strontium isotope data may be of particular interest to 
forensic anthropologists working in the southern regions of the U.S. due to high amounts of in-
migration from the northeast. For example, Florida’s net domestic migration of 607,000 
individuals from 1995 to 2000 primarily came from the northeast and midwest U.S.: New York 
had a net contribution of 238,000 individuals alone (Perry 2003). Meanwhile, roughly 65 percent 
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of Florida residents were reported from another state or country according to the 2010 American 
Community Survey (Ren 2011). Thus, in the context of unidentified human remains in the southern 
U.S., a multi-isotopic investigation using lead and strontium isotopes may generate new 
investigative leads.  
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CHAPTER SIX: CONCLUSION 
  
With increasingly diverse and transient populations in the United States, investigators face 
significant challenges when decedents are discovered without any form of identification, often 
finding that there are no missing persons reports or family in the local area to help with 
identification. Fraught with practical difficulties, cases such as these often become cold until new 
information can be uncovered. Forensic anthropologists have increasingly applied geochemical 
and archaeological methods such as chemical isotope analysis to trace the migration patterns of 
unidentified decedents, offering an important investigative tool (Kamenov et al. 2014). However, 
the application of isotopic analyses to modern populations for forensics is relatively recent, and 
the appropriate application of these methods relies on the development of accurate isotopic 
reference data from across the world (Gentile et al. 2015). To emphasize the importance of multi-
isotope analysis and publish refined global data, this study evaluated the georeferencing potential 
of lead and strontium isotopes in multi-isotopic investigations of skeletal remains. 
  The results of this study suggest there are detectable differences in the lead and strontium 
isotope ratios of modern human teeth based on geolocation, and this is associated with the natural 
and anthropogenic variation of these isotopes across the Earth. Several trends are observed in the 
lead isotope data that may be relevant to modern forensic contexts involving unidentified human 
remains:  
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• Individuals from the northeast U.S. reflect relatively distinct 208Pb/204Pb, 207Pb/204Pb, and 
206Pb/204Pb ratios when compared to individuals from the rest of the U.S. Thus, lead 
isotopes may be useful for identifying domestic migrants from the northeast U.S.  
• European and North American individuals can be easily distinguished from each other 
using 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb ratios. Thus, lead isotopes may be useful for 
identifying first-generation European migrants in the U.S. 
• Colombian individuals reflect relatively distinct 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb 
ratios, trending between the European and U.S. lead data, which may be useful for the 
investigation of migrant deaths in U.S. border states.   
The lead isotope ratios of Caribbean individuals trend between the European and northeast U.S. 
lead data with moderate overlap into the U.S. field, which makes it difficult to distinguish between 
these groups using lead isotopes alone. Similarly, the significant overlap of lead isotope values in 
U.S.-born and Central American-born individuals make distinguishing these populations 
impossible with lead isotopes.  
Fortunately, several trends are observed in the strontium isotope data that may be relevant 
to modern forensic contexts involving unidentified human remains, particularly when lead isotopes 
are inconclusive:  
• Central American individuals have significantly lower 87Sr/86Sr ratios than North 
American individuals, and these groups can be easily distinguished using lead versus 
strontium scatterplots. 
• Colombian individuals have significantly lower 87Sr/86Sr ratios than North American 
individuals, and these groups can be easily distinguished using lead versus strontium 
scatterplots. 
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• Caribbean individuals have significantly lower 87Sr/86Sr isotope ratios than individuals 
from the northeast U.S., and these groups can be easily distinguished using lead versus 
strontium scatterplots.   
These trends suggest that strontium isotopes may be useful for the investigation of migrant deaths 
in U.S. border states, particularly when lead isotopes are inconclusive. It is also worth pointing out 
that individuals from the northeast U.S. reflect significantly higher 87Sr/86Sr ratios when compared 
to individuals from other U.S. regions, providing additional support to the multi-isotopic 
investigations of unidentified human remains.  
Chemical isotope analysis is a powerful tool that can be applied to the investigation and 
identification of unidentified human remains throughout the U.S.  Overall, the results of this thesis 
indicate lead and strontium isotopes can be used to estimate a modern individual’s region of origin. 
Until further data are collected, however, lead and strontium isotopes are best used for exclusionary 
purposes to determine if unidentified decedents are likely local or nonlocal to the area of recovery. 
Further research using larger sample sizes and finer spatial scales is needed to improve the 
resolution of multi-isotopic data of modern populations and determine whether the trends observed 
in this thesis hold true. Light elements such as oxygen and carbon should also be considered for 
future multi-isotopic investigations. Nonetheless, the high-precision lead isotope data produced 
from this research and the strontium isotope data independently produced by Lustig (2013) and 
Row (2013) provide valuable isotope data to forensic anthropologists and geoscientists working 
in forensic contexts.   
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